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INTRODUCTION

1. Since the 1958 and the 1962 reports of UNSCEAR [Ul, U2] the Committee has

not reviewed the evidence accumulating in the field of non–neoplastic long-

term effects of whole-body irradiation. The scope of the present document is

to consider the data available in order to ascertain:

the existence and extent of life-span shortening in irradiated animals

and man as a function of the main physical and biological variables known

to influence this effect of radiation;

whether and to what extent and within what ranges of the above-mentioned

variables this effect might be attributed by careful pathological analysis

to real non-tumorous conditions or, on the contrary, to specific neoplastic

diseases;

whether and within what range of doses a non-specific radiation effect

may be traced and quantified;

whether such a non-specific shortening of life might be considered akin

to the normal biological aging process.

Although some of the above problems may appear too ambitious in the light of

the present biological and radiobiological knowledge, the Committee believes

that a review of the field with such objectives in mind may be of value at

least as a selective collation of the existing information.

A. HISTORICAL BACKGROUND

2. Radiation-induced life-span shortening was described first in the rat

by RUSS and Scott [Rl] and in the mouse by Henshaw rHl]. They reported that

irradiated animals had a shorter duration of life, looked older and appeared

to age more rapidly than their non-irradiated controls. These and other

observations led quite naturally to the establishment of a link between the

life-shortening action of radiation and natural senescence. In 1952 Brues

and Sacher [Bl] discussed the problem of radiation-induced long-term radia-

tion lethality in a rather articulate way. They recognized, for example,

the notion that single acute exposures to radiation tended to displace upward

the Gompertz age-mortality function, while chronic exposure throughout life



increased the slope of this function. Other techniques of analysis by the

cumulative or the impulse lethality functions were also proposed as quasi-

empirical actuarial and kinematic approaches to the description of the effect.

The 1955 paper by Sacher ‘S11 was a comparative review of radiation lethality

in various mmalian species, particularly under conditions of chronic treat-

ment for the entire duration of life.

3. It is of interest to note that, although the treatment of this subject

had already proceeded quite far, there was a small coverage of it in the

1958 report of the Committee [Ul], where the analysis of the biological end-

point was not very sophisticated. It has been established at the time that

while the pathogenesis of early death was due to the failure of self-renewing

systems in the body, the precocious extinction of an animal population as

revealed by actuarial analysis, would be due to different mechanisms of action.

However, there seemed to have been poor discrimination in the treatment of the

two subjects. No attention was given, in particular, to the actuarial approach

which had already been advocated by Sacher [S21 and Brues and Sacher ‘Bl~.

4. The review presented by Mole at the First International Congress of

Radiation Research ~Mll criticality discussed on the basis of experimental

evidence the idea that experimentally observed life-shortening might be equi-

valent to natural aging, a phenomenon about which too little was known to

warrant unsupported generalizations. However, the notion that radiation

could shorten life by similar physiological and pathological phenomena as

natural aging gained momentum as a result of some observations on survivors

of doses in the lethal range made by Henshaw [HI] and later by Alexander [Al].

The idea was first based on actuarial observations of an increase in mortality

rate from all causes of death, with an apparent shift to earlier times of

diseases characteristic of the late ages. Also, the occurrence in these sur-

vivors of phenomena typical of the old age (graying of the fur, cataract,

10SS of reproductive capacity, etc.) tended to give support to the hypothesis.

However, Upton in his 1957 [U3] and 1960 [U4] reviews warned against the es-

tablishment of close resemblances between certain effects of irradiation and

aging, because not all age-dependent changes were affected similarly by

radiation and the incidence and severity of the various diseases differed in

control and irradiated animals. Under these conditions it wGa.ld, of course,



be difficult to maintain that irradiation simply advanced the onset of sene–

scence, unless it could be accepted that the aging of various organs could be

advanced to different degrees.

5. Comfort [Cll discussed similarities and differences between natural aging

and radiation-induced life-shortening. His review is important for its effort

to define basic concepts and to differentiate between the various biological

effects observed but his analysis of data according to dose and time is less

elaborate than elsewhere. The paper by Storer and Grahn [S31 was an objective

and accurate review of information available which is still of interest for

reference purposes. Neary /Nl, N2] analyzed the various therories of aging ,

and regarded them as belonging to two main groups:

those interpreting aging as due to random events in a population of

supposedly uniform individuals, and

those examining the individual and its component cells.

Neary also proposed his own theory, based on the analysis of original data on

irradiated mice. According to his formulation aging proceeds in two succes-

sive stages, induction arrddevelopment, each characterized by appropriate

parameters.

6. Another interesting contribution was provided by Casarett [C2]. By a

critical comparison of natural aging and of late radiation effects, he pro-

posed that radiological aging could be ascribed to the damage of endothelial

cells of the fine vasculature, leading to fibrotic changes of the arterioles

and of the interstitial collagenous substance. In due course these would be

followed by loss of parenchymal cells, replacement fibrosis of the organs,

10SS of the functional reserve capacity and, eventually, an increased sus–

ceptibility to trauma, stress and disease.

7. In recent years the contributions tended to be more experimental than

theoretical, except perhaps for the work of Sacher and Grahn rsb], Grahn and

Sacher [GI] and Sacher [S5] who further elaborated previous ideas in an attempt

to derive, from a refined analysis of the date, some basis for a comprehen-

sive theory of a natural and radiation-induced aging.



8. The more recent report of Walburg [WI] is essentially a critique of the

concept of non-specific life–shortening, at least at the low doses of prac-

tical interest. Walburg came to the conclusion that life-shortening effects

after irradiation may principally or perhaps exclusively be explained by the

induction or acceleration of neoplastic diseases. This conclusion was also

supported by Storer [s61. All authors recognized that at higher doses other

mechanisms of death would be prevailing.

B. METHODOLOGY

9. Life-shortening can only be assessed on the basis of death, an end-point

that can be defined rather precisely in time. However, it is usually more

informative to know the reasons why an animal dies than to identify with

great prevision the time at which the event occurs. To ascertain the cause

of death is often a difficult exercise and, in some cases, an impossible one

since death is often the result of a variety of causes all acting jointly.

This is particularly true as animals grow older ~Dl, A2, D2] because aging

animals of all species (but particularly of the long-lived ones) die with

multiple lesions, contrary to what happens early in life, where the cause of

death is more often related to a single pathological entity. In old animals

the number of possible causes of death increases and the primary or pre-

cipitating cause is difficult to diagnose. Also, most irradiated animals die

of diseases which are unrelated to radiation exposure and this complicates

the identification of the terminal pathological syndromes. Thus, multiple

disease conditions, and interactions between diseases in the same animals

should be correlated with parameters such as age and dose to provide a

meaningful interpretation of the pathology at death.

10. The first difficulty with much of the work reviewed, particularly with

the oldest contributions, is the lack of careful pathological observations on

the animals at death, let alone the refined m~tifactorial analysis mentioned

above. Many experimental series are therefore diffic~t to interpret, since

the representation - as accurate as it maz be in time - of the life-span

shortening, marks the complexity of the biological end–points. Another

difficulty lies with the fact that even when good pathology is available,

this is usually collected at death. Under these conditions it is impossible



to assess the contribution of each specific cause to life-shortening, since

there is no reason to presume that each of them may be equally accelerated

by radiation. Serial sacrifice experiments could, in principle, provide such

information, but they require considerable time and effort and are there-

fore not common in the literature [Kl, C3, A3].

11. Apart from the difficulties in defining and describing a complex effect

like life-shortening, its quantification could also create problems by giving

implicit support to one or another possible interpretation. Interesting ob-

servations have been made by Mole in this respect [M2, M3]. He points out that

it is not immaterial to think of the effect as a differential between life-

span of the control population and the life-span of the irradiated animals,

‘O - ‘D”
If it is postulated that survival after a given dose is a function

of that dose, it is implicitly ignored that animals may die of some unrelated

pathology, and there is no implication that the effect of radiation may per–

sist up to the end of life. If, on the other hand, the postulate is that the

differential life time is a function of the dose, then the implication is that

the effect of radiation may be equivalent to natural aging. No problem arises

when single acute exposures are given at young ages or in duration-of-life ex-

periments, because under these conditions the two formulations are identical.

But when experiments to various
‘o

are involved, that is, when groups of

animals are started on a course of irradiation at variable ages, one could

come to quite different conclusions from the same experimental data simply by

following one or the other approach.

12. By definition, life-shortening is an effect that must be estimated stati-

stically by comparing irradiated and non-irradiated animal populations. There

are different ways of describing and expressing quantitatively the effect.

They are the mean or median life-span, the percent cumulative mortality or the

age-specific mortality rate. All may be regarded as compounded expressions

over the whole population of animals of specific and non-specific causes, acting

and interacting within each individual to decrease its fitness and to take him

to death.

13. Life-shortening is expressed in days of life lost and since the time to

death is a random variable, life-shortening may be represented by one of the

following statistics: shortening of mean or median age at death; shortening
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of mean or median survival time. In such cases the effect is given in units

of time. Alternatively, the effect could be given as a percentage of control

values and in such cases the percent shortening of the mean or median age at

death or the percent shortening of the mean or median survival time would be

the relevant parameters. It should be noted that the percentage effect as

measured by the shortening of the mean or median age at death is not equiva-

lent in most cases to that measured as precent shortening of the mean or me-

dian survival.

expressing the

do so owing to

14. Mean and

Although it would have been desirable to use the same way of

effect throughout the present document, it was impossible to

the lack of suitable data in the documents reviewed.

median life-span are the average duration of life experienced

by the animal population and the time required for 50 per cent of the animals

to die, respectively. Thez do not offer any indication of the variability

affecting this phenomenon in time: they are therefore, as such, unsatisfactory

parameters for any statistical analysis. The curve describing the extinction

of the population in time is more informative in that it allows knowledge of

the time when this process begins and ends and it also allows one to know

whether it has taken place regularly. Irregularities of the curve may some-

times be attributed to specific causes or set of causes. Both the mean and

the median life-span and the curve of per cent cumulative mortality can be

readily calculated.

15. The age-specific mortality rate is a more elaborate parameter: it ex-

presses the instantaneous rate of mortality of the animals at risk as a func–

tion of age. Changing of this parameter in time is therefore its main dis-

advantage: the advantage lies in its sensitivity in measuring the changes in

the distribution of times at death. It should be recalled that the displace-

ment of the age-specific mortalityrate curve for irradiated animals above

the curve for non-irradiated controls does not reflect days of life lost, but

the increased rate of dying at a given age. The trend of this parameter in

time and any irregularity in it are extremely useful to identify possible

specific causes of death.

16. In estimating mortality rates it is desirable that assessments be inde-

pendent of the proportion of animals that have died by any given time, i.e.

that the estimate should be truly non-parametric. To this end, different



formulas for its calculation have been proposed and may be utilized in radia–

t,ionexperiments [U51. Upton, Kastenbaum and Conklin Iu61, in an analysis of

the age-specific death rates in irradiated LAFl and RF mice pointed out that

this parameter beyond a certain age tends to assume an exponential trend.

Also, death rate curves specific for certain diseases are found to vary in

shape and slope. These changes emphasize the complexity of the relationships

between dose and disease incidence. Therefore, the generalized notion that

irradiation may advance the onset of old-age diseases is to be regarded as

an oversimplification in the light of the variability observed among specific

injuries.

17. Other refinements in the analysis of life-shortening data may be intro-

duced in order to account for the effect of competing diseases. It has long

been known that the estimates of final incidence of diseases occurring late

in life may be affected by the rate of mortality at times preceding the on-

set of these diseases {M4, I?9]. Heel and Walburg /H2] have compared various

interval techniques of analysis and a non-interval technique by Kaplan and

Meyer and have come to the conclusion that the latter one may be used with

advantage when the age at death of the animals is known. This technique has

been employed for analysing the significance of the difference between treat-

ment groups in respect to their cumulative mortality. There are also tech-

niques to adjust the comparisons of mean ages at death, according to the pre-

sence of competing, lethal and non-lethal, diseases. On their basis Walburg

[Wll has reanalyses some of the data on life-span-shortening in experimental

animals and has convincingly shown the usefulness of such methods in discri-

minating between specific, i.e. neoplastic, and non-specific life-shortening.

c. THEORETICAL FOUNDATIONS

18. Although it is the primary object of the present document to review and

discuss experimental data on life-span–shortening, it is impossible to do so

without some backgro~d info~ation on the hypotheses of aging. Such infor-

mation will be given in the next few paragraphs in a very simple form and will

be limited to those hypotheses that were proposed in the field of radiation

research. More comprehensive discussions of the various theories of aging

will be found, for example, in Strehler 1S7] and Walburg ~Wl].



19. Gompertz in 1925 found that the age–specific mortality rate in man as a

function of age increased exponentially over a considerable portion of life

and assumed that this phenomenon reflected an exponential decline with age of

some vital system. In the field of radiation research Brues and Sacher [Bl~

first introduced a mathematical approach to long-term mortality based on the

observation of Gompertz and this was followed later as a basis for the analy-

sis of experimental data and for much theoretical formulations. According to

this approach, the survival characteristics of a group of individuals may be

described

function.

20. The

mortality

by actuarial functions.

Gompertz function is the

which is defined as

One of the most widely used is the Gompertz

logarithm of the age-specific rate of

(7)

where ~ (t) is the age-specific mortality and N is the number of animals

surviving up to the time t. Linearity of the Gompertz function with time

implies that

(t) = P. eplt (2)

where P and P
o 1

are positive constants. Experience shows that a single acute

dose of radiation is followed (after a period of latency) by an upward displace-

ment of the Gompertz function without change in slope, the amount of displacement

with respect to control being a function of dose. In other words, acute irradia-

tion would change the constant P. in equation (2), without affecting PI. If

single exposures would affect median

t
med ‘D)

survival, treed,linearly with dose D, then

—— a- QD (3)—

where a is the median survival time of the control group and Q a dose-depen-—

dent constant. Chronic irradiation, on the other hand, characteristically in-

creases the slope of the Gompertz function proportionally to intensity of

irradiation, so that

t med (I) = ae-SI (4)
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where t~ed (I) is the survival time following duration-of-life exposure at

dose-rate I and ~ is a dose-rate dependent constant. These basic trends of

the actuarial parameters in irradiated mammalian populations are schematically

represented in Figure I.

21. The assumptions underlying such interpretations are that the Gompertz

function is a measure of the amount of aging injury present at any given time.

Acute exposure would increase this amount of injury once and for the rest of

life. However, if any new amount of injury induced summates to the residual

injury present at any given time and to the underlying aging injury, one

should expect a change in slope by chronic irradiation with a divergence from

control slope proportional to the amount of daily dose administered. It should

be clear that such characteristics of the actuarial functions are not neces-

sarily related to the form of the dose-effect relationships, which may them-

selves be linear or not, as discussed in the next chapter.

22. In 1952 [B2, B3] and again later in a more complete form [B4, B5] Blair

formulated a “theory” of the relationships between radiation dose and life-

shortening. This model postulates that total injury is linearly propor-

tional to dose and that such injury is only in part reparable. Recovery from

reparable injury would proceed exponentially at a rate proportional to its

magnitude, while, on the contrary, the irreparable portion of injury would

accumulate linearly with dose. Finally, reparable and irreparable injuries

would add in all proportions and death would occur when their sum is propor-

tional to the remaining life expectancy. Starting from these premises, Blair

developed simple equations relating dose and injury under different condi-

tions of exposure and showed that some of them conformed to the then avail-

able data. Blair’s formulation stimulated much research to ascertain under

a variety of experimental conditions the a,mo~t of reparable injury and the

kinetics of repair but was recognized later as an oversimplification of

reality, leading to incorrect estimates and as such inadequate to account for

the form of the dose-injury functions.

23. Mewissen et al. [M5] developed a complex equation relating life-

shortening to chronic whole-body irradiation and applied this formula to the

irradiation of the burro. The formula is based on an analysis of the.injury,

which is also ass~ed to consist of a reparable and an irreparable fraction.



Wasted radiation is accounted for by the transformation of a latent form into

an actual form of injury at a given measurable rate. The numerical parame-

ters entering the equation may be computed from experimental results in cases

of chronic and acute irradiation. Weekly exposure to gamma-radiation of

burros, between 175 and 2800 R, with corresponding mean survival times of

9 to 1 week, were the time-dose conditions in which the above formula was

found to apply. They are clearly of little value to the present discussion

referring to low-dose-rates and to extended survival times. Storer [s8, s91

in a review of data on recovery rates and their possible relationships to

life-shortening showed that the mean rate at which mice recovered from radia-

tion exposures, which if acute would result in acute death, could be related

to the number of fractions delivered daily, rather than to the size of the

exposure. This and other observations suggested modifications of the origi-

nal formulation of Blair.

2b . Krebs, Brauer and Kalbach [K3] measured the kinetics of non–recoverable

injury by exposing C3H female mice to conditioning irradiations (6OO to 1500 R)

and then estimating at “different times (4 to 20 weeks) the injury remaining.

This estimate was obtained indirectly by taking the LD
50/30

values on the pre-

irradiated mice. A proportionality between conditioning dose and reduction

in tolerance to x rays, as measured by a reduction of LD
50/30

, was found;

however, the injury parameter did not account for the observed mortality when

animals were irradiated chronically. Further work [K4, K5] suggested in fact

that different recovery components with different half-times could be shown

to apply to acute and chronic radiation exposure conditions.

25. Complete disappearance of residual damage was seen by Alexander and

Connell [A4] three weeks after conditioning exposures of 600 to 1100 R prior

to LD
50/30

determinations. Spalding et al. [S10] gave conditioning frac-

tionated doses of gamma rays (24o to 1200 rad) or of fission neutrons (92 to

451 rad) to RF female mice and, after a repair period of 3 months, exposed

them for the rest of their life to a dose rate of 50 rad/day. They found

that radiation-induced damage had a permanent and irreversible component,

that at least a part of this damage was proportional to the dose and measur-

able in terms of reduction of survival time, and that fission neutrons pro-

duced about five times as much irreversible injury than gamma rays. Always

with the same animals, an investigation of the two–component theory of Blair



IB4, B51 under the assumption that the half-time of the reparable component

was 7 days and that the irreparable injury would be equivalent to 5 per cent

of any given dose, showed that such a formulation was only useful under a

limited range of exposure conditions.

26. The above limited discussion of a vast amount of literature shows that

short-, medium- and long-term mortality recognize different pathogenetic

mechanisms whose analysis may not be performed under the same assumptions:

there is probably more than one single formula that may take into account the

variety of mechanisms. Also, no single recovery time or residual injury value

can define all conditions of protracted exposure. The constants applicable

for acute injury may to some extent predict the results of exposures within

about

a new

27.

great

100 days and 1500 rad in the mouse, but for longer times and low doses

set of relations between injury and recovery must be established [Gl].

Neary [Nl, N2] also proposed a model, based on the observation that the

majority of animals in a population die during a period in the last part

of the life-span. The”preceding period of life, in which deaths are rela-

tively few, is called “induction” by Neary, who defines it as a state of in-

tracellular changes and intercellular reactions proceeding insidiously and

without marked functional impairment. When a certain level of inductive

change is reached, the second stage sets in quite abruptly. This stage,

called “development” would involve a different level of organization and would

be sustained by physiological interactions proceeding autonomously and auto-

catalitically and culminating in death. The most interesting feature of this

model is that once development sets in further inductive change is super-

fluous and therefore irradiation during development has comparatively little

effect. This point was conceptually emphasized by Mole l_M6]and by Mole and

!lThomas[M7] in the notion of “wasted radiation”. Neary suggested that small

radiation doses wotid act essentially by shortening induction but without

affecting development, and also showed that there was a good correlation be-

tween the results of his experiments on CBA mice [N31 and the formal require-

ments of the model. Kohn and Guttman [K6j pointed out, however, that the

model, derived from experience on duration-of-life exposure, would be appli-

cable with difficQtz to acute irradiation.

,,.,,:



28. In a paper published in 1956 Sacher (S2) proposed a model wherebz all

individuals in a population are assumed to be initiallz identical. However,

with time, owing to fluctuations in the physiological state of the animals

and to external stresses, there would be a progressive change and a disper-

sion in the physiological state of the population. When a fluctuation of

large amplitude in the homeostasis of an animal takes place, death will ensue.

By a mathematical description of a physiologic fluctuation process, it is

possible to derive an approximate relationship between the rate of mortality

and the mean physiologic state of the population having the form of a linear

function between the logarithm of the mortality rate and the mean physiologic

state

29.

tions

[s13]

of the population at any given age.

A more analytical presentation of this theory and of the derived func-

can also be found in other papers [S4, S12]. In a later contribution

attempts were made to interpret lethality in terms of very simple cell

population kinetic, without building into the models known parameters of cell

kinetics like maturation time or feed-back control of self-renewing systems.

Other features of cell ‘kinetics, with special regard to lengthening of the

generation cycle upon continuous irradiation, were also discussed in another

paper [S5] as possible causes for a cumulative lesion related to the life-

shortening effect. Cytogenetic injury due to rearrangements of chromosomes

has also been considered to account for radiation-induced life-span-shortening

[14].

30. A critical comparison between the model of Blair and that of Sacher is

contained in Sacher and Grahn [S4]. The latter model assumes linearity and

additivity functions formally equivalent to those contained in the former, al-

though Blair postwated the existence of only one component of recovery from

injury, operating soon after exposure and causing injury to fade away expo-

nentially. When the equations derived by Blair were fitted to the cumnilant

lethality function of Sacher the fit failed , owing to significant systematic

deviations. In addition, the mean recovery time estimated from Sacher’s data

would be 4 to 10 times longer than the recovery value of 5 days accepted by

Blair on the basis of fractionation experiments. For these reasons Sacher and

Grahn [S4] rejected the central assumption of Blair referring to the single

linear component of recoverable injury. All the remaining assumptions of Blair

are included in the more genertiized formulations of Sacher: radiation injury

is propofiional to dose and to dose-rate; the recovery rate from this injury



is proportional to the amount of injury present and is independent of age;

death occurs when the sum of all injuries reaches a given value, called the

lethal bound; radiation injury is additive to the injury accumulating because

of age; and age-cumulative injury is postulated to be linear with age.

31. Stover and Eyring [S15] and Eyring and Stover El] developed a steady-

state theory of mutation rates and applied it to the survival data of beagle

dogs injected with
239 226Ra

Pu and . The fits of the experimental data obtained

by the use of this model were good and they allowed the identification of

various mechanisms of death operating with the two nuclides. The formalisms

developed in this series of papers, in addition to describing the experimen-

tal data adequately, were thought to be of potential use for their interpre–

tations.

32. Sate, Nakamura and Eto [s16] performed calculations of the life-shortening

effects of radiation as a function of dose and dose-rate under the assumption

of linearity of the Gompertz function for both acute and continuous exposure.

They showed that within the range of doses usually employed with mice the values

of percentage life-shortening are not appreciably changed if the survival time

is measured as mean, median or mode.

33. Iberall [13] exsmined in great detail the various models of radiation

lethality and attempted a unitary description of the various modes of death

from the very high acute doses to the low chronic treatments through an analy-

sis of much experimental data. In so doing he illustrated the level of com-

plexity required by a careful mathematical description of the actuarial pro–

perties of a population. This description pointed towards the isolation of

five or six possible factors affecting lethality at the various irradiation

regimes and supplemented the studies of Sacher and Grahn [S4] by a widespread

examination of the entire problem from a mathematical point of view.

34. Another model for life-shortening by late effects of ionizing radiation

was developed by Scott and Ainsworth [S47]. It applies to data in the mouse

and it is specific for doses much below the LD
50/30”

It focuses on the num-

ber of individuals with life-shortening injury and their variation on dose,

dose-rate and quality of radiation. For these individuals the survival time

distribution differs and shows earlier times to death as compared to other

members of the population not showing life-shortening injury. The results of



the model’s analysis are consistent with available data at comparatively low

doses , including the convex upward life-shortening responses. It predicts
60

enhancement of effects after fractionated exposure to Co gma rays and an

approximately linear response in most cases of acute exposure to low-LET ra-

diation. The model also provides a means of extrapolating between mouse

strains or age groups, an extrapolation which can be achieved by changing a

single parameter [s481.

D. LIFE-SHORTENING AND AGING

1. Specific and non-specific life-shortening

35. There is considerable discussion in many of the papers reviewed about

the specificity or non-specificity of the life-shortening observed in a va–

riety of experimental situations. Semantic considerations as well as impor-

tant reasons of substance have complicated this issue. It should first be

recognized that speculations about specificity often conceal the lack of good

pathological analysis. “Life-shortening must be due, if properly assessed, to

some specific cause. However, the word specific has been taken to mean that

the irradiated animals die earlier than their controls with a spectrum of

diseases or causes of death different from the spectrum seen in the non-irra-

diated controls.

36. Since it is well known that not all diseases are readily induced by ra-

diation, to expect that radiation acts non–specifically in shortening the

average life of an animal population would be equivalent to reject all radio-

biological experience. Recently the discussion has been more reasonably cen-

tered on whether or not radiation may produce life-shortening by induction of

tumours and how much of the observed shortening could be accounted for by

neoplastic diseases. Even though never stated quite clearly, the words spe-

cific and non-specific have therefore been taken to indicate neoplastic and

non–neoplastic contributions to life-shortening. Under these conditions, the

question of specificity of the life-shortening action is quite legitimate and

of great practical significance.

37. In discussing the problem of specificity, lC!F+PPublication 14 !11] and

Mole M2, M31 point out that in order to det,ect,a general non-specific



deleterious effect of irradiation long-term survival data should first be

corrected for diseases known to be induced specifically by radiation. The

concept of life-shortening appears ambiguous in that it may be regarded

either as an overall measure of deleterious effects or as a measure of the

effects remaining after allowance for the induction of tumours and other

defined diseases. Non-specific life-shortening, if it exists, must recognize

some basis in damage to biological structures and functions. Actually, some

damage, anatomical or functional, may indeed be shown for some tissues [C4,

D3, C57, but not for all, and under these conditions an increase of causes

of death related to damage in those particular tissues might be expected.

The resulting effect should be a change in the spectrum of diseases induced

in irradiated animals. On the other hand, one could envisage that damage to

body components like the blood vessels or the connective tissue, which are

uniformly distributed in the body, could be the cause of non-specific life-

shortening. But here again it would appear unlikely that damage to blood

vessels in skin, muscle and fat tissue might

fecting the vital capacity of an individual,

of the kidney, the brain, the heart would be

changes affecting the capacity for survival.

tor would be the anatomical location of the

change in the spectrum of diseases would be

compared to unexposed ones.

result in changes ultimately af–

whereas damage to blood vessels

expected to result in important

Thus , if the determining fac-

kmaged blood vessels, again a

?xpected in irradiated animals,

38. In conclusion, the notion of non-specific life-shortening is super-

imposable with that of aging (advanced or accelerated) induced by radiation.

The two concepts are inevitably linked with the demonstration that radiation,

although advancing the instant of death, should not modify the spectrum of

induced diseases. This demonstration is not only difficult in practice but

probably impossible to visualize conceptually since the mechanisms that might
.

be hypothesized for non-specific effects, would also change the spectrum of

diseases appearing in irradiated animals. Such change
A

compatible with the notion of aging or of non-specific

2. The notion of agl~

would in itself be in-

life-shortening.

:.,..

39. Attempts to show that irradiation may non-specifically age animals were

started by observations that radiation did produce life-shortening and that

irradiated animals showed phenomena similar to those observed in old age



(graying of the fur, appearance of cataract, loss of fertility). Although it

should have been clear that the resemblance was onlz superficial [M3], the

hypothesis of radiation-induced aging gained momentum and stimulated much work.

The interested reader might refer to the following reviews - which are only

some of the many available - for more detailed evaluations of data obtained

in the experimental animal [Al, u4, c2, H3, c6, c71 and in man [A4, A6, Fl, B6].

40. Difficulties with experimental work on aging are related to its defini-

tion, to the lack of any direct measure of senescence except in term of life-

span, and to the impossibility of deciding whether pathological processes in

old animals are the causes of aging, its effects or indeed aging itself. The

only generalization in this respect is that in mammals the age-specific death

rate increases as a function of time in a roughly exponential fashion by a

constant factor for each year of the adult life, that is, that the probability

of death per unit time increases with age (Figure I). However, to take this

phenomenon as a measure of aging requires first the assumption that aging

within each individual is paralleled by the average changes of the population

where the individual belo’ngs. In addition, there are uncertainties in sorting

out, both for the individual and for the population, intrinsic and environ-

mental-factors, primary and secondary effects, specific and non-specific

phenomena.

41. It should be pointed out that radiation is by no means the only agent

producing life-shortening, but other treatments have often been reported to

produce similar effects in conjunction with radiation experiments. These

agents included various types of toxins and non-specific toxic substances

[c8, C9] or cytotoxic drugs [CIO, A4, u6, Cll, D4] in various combinations

and dosages. It appears from all these data that the effect is in general

less readily induced than with radiation and that the diseases leading to

precocious death are rather specific for each drug.

42. In the context of the hypothesis of radiation-induced aging, the concept

has also been repeatedly discussed of differences between advanced or pre-

cocious aging on the one hand , and accelerated aging, on the other (see, for

example, [C2] and [C7]). These two notions can be visualized formally in terms

of the theory of radiation injury of Blair [B2, B3, Bh, B5]. Actually, if

one assumes that aging in an individual is determined by the sum of deleterious

irreparable injuries acc~flati.ng in time; that radiation causes irreparable



injuries which may add to the aging injuries; that beyond a given level of

injury death of the animals occurs; that such processes within each animal

may also be reflected by the Gompertz curve; then a displacement upward of

this curve without change of its slope would be interpreted as precocious

aging, whereas an increase of the slope would be formally equivalent to ac-

celerated aging (Figure I). However, such definitions may hold formally but

are difficult to be verified experimentally.

3. Mechanisms of aging and life-shortening

43. In spite of all the above important considerations of principle, attempts

were often made to identify a possible effect of life-shortening with some non-

specific, diffuse, subclinical deterioration of tissues that might advance the

onset of all old-age diseases to roughly the same degree. There are a great

variety of non-tuorous degenerative changes to be seen in irradiated tissues

[U4, C7]. Some of these resemble superficially senescent changes, although

there are profound dissimilarities between radiation-accelerated and senescent

lesions Wl, Iv13]at a closer inspection. Among the least equivocal van Cleave

[V7] mentions the following: involution of the cartilage discs, involution of

the thymus and all lymphatic tissues, Qmphocytopenia, marrow hypoplasia,

atrophy of the iris, atrophy and displasia of skin and degeneration of the skin

collagen, degeneration of the elastic walls of the arteries, nephrosclerosis

with glomerulosclerosis, dysplasia of the lens epitheliums, vaculoization and

degranul.ation of endocrine glands, involution of testis and ovary, generalized

progressive fibrosis of the arteriocapillaries and generalized increase in

fibrillar density of the interstitial connective tissue.

44. Casarett [C7] proposed a “histopathological theory” of natural and ra-

diation-induced premature aging. It rests on the notion that morphologically

the most generalized deleterious change in aging mammals is an increase of

the histohematic barrier - the layer of connective tissue between blood and

parenchymal cells - with increase of arteriocapillary fibrosis. Functionally,

a lOSS of selectivity of the barrier to nutrients and to wastes and a decreased

efficiency of circtiation would be the consequences of such changes. Under

these conditions a decrease of parenchymal cells and functions would follow,

with more fibrosis and loss of vasculature, in a circle becoming progressively

more serious with time and leading to increased susceptibility to infection,

stress, degenerative and neoplastic conditions and eventually to death.



45. Irradiation would advance such an increase of the histohematic barrier

and ensuing consequences, to various degrees in various tissues, depending on

the sensitivity of the constituent parenchymal cells. Non-specific damage to

the endothelium of the fine vasculature directly or indirectly caused by ra-

diation would be the primary cause. The consequent morphological (intersti-

tial edema, increased fibrillar density, spotty at first and then more gene-

ralized) and functional changes (loss of reserve capacity of single organs

reflecting gradually and progressively on other parts or on dependent organs)

would tend to perpetuate and to increase themselves by circular reactions where

the natural and radiation-induced aging would not be separable any longer.

46. The basic notions of Casarett’s model [C7] appear on the whole biologi-

cally well founded, since it is known that radiation may cause an interstitial

fibrillar density and capillary fibrosis. The mechanisms of these phenomena

have recently been discussed by Gerber [Gl] who has examined the possible

pathways responsible for fibrosis and by Hopewell IH16] who has particularly

addressed himself to vascular changes. But whether the initial endothelial

and connective changes operating in natural and in radiation-induced aging

may indeed be the same remains to be demonstrated and so do the further steps

of Casarett’s hypothesis, which should be set on firmer ground rWl]. In addi-

tion, more recent information on the radiosensitivity of the endothelial cells

[Rll] seem to cast considerable doubt on the applicability of the hypothesis

to the very low doses and dose-rates and to confine presumably its interest

to the region of the intermediate to high doses.

47. The hypothesis could also be entertained that late effects of radiation

on the duration of life might be brought about via alterations of the immune

system and in this respect two possible mechanisms of action could be envi-

saged. The first would imply auto–immune diseases as possible causes of a

diffuse deleterious action; alternatively, life-shortening could be viewed

as the result of an earlier appearance and a higher incidence of tumours,

elicited in turn by radiation-induced immune disturbances. In no case would

the effect of life-shortening have a truly non–specific character, because an

acceleration or an advancement in time of old–age diseases without changes in

their spectrum co~d hardly be expected as a result of such mechanisms.

48. In 1972 the Committee reviewed extensively the effects of radiation on

the immune response and considered the general question of radiation as it



might relate to auto–immunity and possibly in turn to aging [U151. There

were at the time few results on animals consistent with the hypothesis of a

breakdown in the balance of self-tolerance leading to auto-immune conditions,

and on the whole the data were thought to be inconclusive in showing posi-

tively any such effect.

49. Studies of the late effects of radiation on the immune system of mmals

are still relatively few and their results variable according to the test

system and radiation doses. In general, intact animals examined individually

show little if any effect of age [S45] mostly correlated with the presence of

reticular tissue tumours [U14]. When the immune competence of cells from ir-

radiated animals is examined, there is often a significant decrease in cell

number, but this appears to be well compensated by an increase in antibody

affinity AlO]. Other immune functions could, however, be significantly effec–

ted. Recent evidence about effects at the whole-body level is rather ambiguous.

On the other hand, animals selected for a low antibody response showed a higher

incidence of spontaneous malignancies and a shorter life-span than others of

the same genetic background selected for a low response [C301. On the other

hand, total lymphoid irradiation performed on NZB/NZW mice with a high inci-

dence of an auto-immune disease ~“eversed the expression of this condition and

thus produced a prolongation of survival [K22].

50. In comprehensive review of the immunological action of radiation Anderson

and Warner [AIO] discussed three general hypotheses for the possible induction

or acceleration of auto–immune processes. The first one considers that ra-

diation could alter tissue constituents to create new auto-antigens or to re-

lease previously inaccessible components. The second possibility would act

via somatic mutations leading to the emergence of auto-reactive clones. The

third would act through the unbalance of natural mechanisms of regulation con–
.

trolling the potential auto-immune expression. Several studies would be in

favour of
,

ments are

51. T&

the third mechanism but at the present time few definitive state-

warranted.

first statement might be that the interplay of regulatory mechanisms

,,.:

in the im,m~e system is so complex and variable that radiation effects are

hardly predictable and at present cannot be extrapolated with any confidence

from one experimental situation to another. Secondly, although immunological

mechanisms could actually be operating at high radiation exposures causing



extensive tissue damage, their possible relevance at the low doses of interest

for radiation protection can only be viewed at the present state of knowledge

with great reservations.

52. The Committee has reviewed in its 1977 report [Ulh] the role of the im-

mune system in the pathogenesis of radiation-induced tumo-ars. The conclusions

pointed to a secondary role of immune reactions in the development of neo-

plastic conditions, particularly at low doses and dose-rates. No new infor-

mation has appeared in the mean time that might change this general proposi-

tion. Actually, a most recent reveiw of the subject [s46] confirms the above

conclusion and therefore supports indirectly the view that, whatever the role

of tumours in radiation-induced life–span-shortening, there is as yet no clear

evidence that it might be mediated through immunological mechanisms.

53. There are other hypotheses of aging that have been considered either

alone or in conjunction with radiation and for which some experimental evi–

dence has been claimed. The older theories have been discussed by Walburg

[Wl] and their applicability to a possible effect of premature aging criti-

cized since mortality data and causes of death in irradiated animals point to

a life-shortening action related essentially to tumour induction. Also, ac-

cording to this analysis, exposure of mammals to life-shortening doses of

radiation almost uniformly fails to accelerate lesions characteristic of

senescence.

54. Recently other hypotheses related to molecular changes have been consi-

dered. Cutler [C31] reviewed the concept of primary aging processes. With

this term are covered causes which could underlie many different specific

disease processes at the organismic level and many age-related losses of

function resulting in a progressive decline of general health. At the molecular

level, cross-linkage between biologically important molecules by various agents

(free radicals and their derivatives, aldehydes) may be postulated to be at

the origin of natural senescence and of possible radiation-induced changes.

This hypothesis has received little experimental support when applied to cellu-

lar and extra-cell~ar constituents such as collagen, age pigments, etc. It

could, however, be more attractive when applied to information transfer mole-

cdes among which primarily DNA or chromatine. For these molecules a more

systematic approach is advocated, on the basis of preliminary data on radia-

tion and natural age-induced changes in chromatine.



55. DNA damage is, however, only the initial step in reactions of this kind,

since it is well known that this damage can be repaired. Hart !H17~ dis-

cussed the most recent data concerning another complementary working hypothe-

sis. ‘I’hisenvisages the aging process as a sequence of events involving the

induction of the DNA damage and its subsequent manifestation at the physiolo-

gical level. The ability of the system to repair DNA damage and the redundancy

of the genetic information for vital functions within the system would be the

factors controlling the expression of such damage. Alterations in one or

both of these mechanisms would be expected to modify life expectancy. Although

interesting, at present both these hypotheses have not been sufficiently forma-

lized and their general applicability has not been extensively tested to warrant

more than the present mention in the course of

4. Conclusions

this document.

56. In summary, although at some stage research on aging was advocated on the

ground that radiation might represent a unique tool for the study of senescence

[C7] resulting efforts have been on the whole rather unproductive. Data in ani-

mals an man lend no support to the view that radiation may cause premature aging

or that the carcinogenic effect observed is only part of a more general effect

of acceleration of aging [B6]. Attempts to identify a possible life-shortening

action with non-specific diffuse changes in tissues, particularly of the con-

nective and vascular structures have been difficult and are probably inappli-

cable at low doses and dose-rates. Information about a possible role of the

immune system via an increased incidence of auto-immune conditions or a favour-

ing influence on tumour acceleration or induction are few and contradictory.

In any case, such mechanisms would not be expected to yield non-specific life-

shortening without changes in the spectrum of old-age diseases.

57. Therefore, in view of the difficulties of defining aging, of the lack of

reliable parameters of senescence , of the impossibility to distinguish between

specific and non-specific causes of aging and between the action of genetic

and ambient factors, of the generally negative conclusions to be drawn from the

available data, the Committee decided to limit the present analysis to the only

effect of radiation that has convincingly been shown, namely the shortening of

life-span. It would in fact be unreasonable under the extremely undefined con-

ditions discussed above, to carry out an analysis of the physical and biological



variables affecting an ill–defined effect such as aging. Pending clarification

of the points previously reviewed, the relationships between radiation-induced

lif’e-shortening and aging - if endeed the latter effect exists to justify such

relationships - will not be taken up again for discussion in the rest of the

present document.

I. PHYSICAL VARIABLES

58. TO establish a relationship between the degree of life-shortening and

the characteristics of the acute or chronic exposure to radiation is important

for the need to fix criteria and levels for human exposure. It may also be

useful for theoretical reasons, in order to validate indirectly hypotheses and

models on the nature of aging and on the similarity between natural and radia-

tion-induced senescence. Experiments on single acutely–delivered doses are

but one and the simplest out of all possible models: single-dose irradiations

are not interesting in practice, but represent the most efficient treatment,

since under these conditions the action of any repair system is minimal. on

the opposite side, there are experimental treatments like the duration-of-

life exposure which may more closely resemble the situations of interest in

practice: they yield, dose for dose, less effect than the acute exposures.

Between these two extremes there is a whole range of treatments where any

given amount of effect can be obtained by infinite combinations of many inter-

related variables. They are: the number and size of the dose fractions, the

radiation–free time interval between fractions, the time over which a given

radiation treatment extends, the total accumulated dose, the instantaneous

dose–rate, etc. All these variables interact for any given radiation treat-

ment to produce the final effect on survival and it is in practice extremely

difficult to design experiments allowing their separate analysis. It should

also be added that each experimental system has its own biological, physiolo-

gical and pathological characteristics (to be examined under “Biological

variables” , see chapter II) and that an end-point such as life–shortening may

be the result of an infinite n~ber and type of underlying biological effects.

59. Having thus recalled the complexity of the problem at hand, the follow-

ing irradiation conditions will in t,~rnbe considered; single acutely-deli-



vered exposures; continuous life-time irradiation; the effect of dose-rate;

the effect of fractionation; chronic terminated exposures; and the effects of

radiation of different quality. The various contributions will be examined

under the section thought to be more relevant to the subject matter under dis-

cussion. However, a certain mount of overlapping

able in order to compare the various conditions of

and repetition

irradiation.

is unavoid-

A.

60. In the following

delivered single doses

THE EFFECTS OF ACUTE SINGLE DOSES

paragraphs the effect on long-term survival of acutely–

of radiation will be examined. The data will be re-

viewed with the criterion of considering together all information pertaining

to a given species, roughly arranged according to the time of publication in

order to give some historical perspective and a feeling of the state of the

field at any given time. Since it was often found that data on low- or high-

LET radiation were included in the paper, the review will consider together

the information pertaining to different types or radiation. A summary of the

numerical values to be derived from the documents reviewed is given in

Tables 1 and 2, where low- and high-LET data are tabulated separately.

1. Mouse

61. The earliest data of Gowen and Stadler !G21, Grahn and Sacher !G3],

Furth et al. [F2], Kallman and Kohn IK7], Storer and Sanders [S17], Storer

et al. [s18], Boone [B8, B9] and Newell and Cole (N41 will only be mentioned

in this context. The essential information in these reports may be derived

from Tables 1 and 2.

. 62. In 1960 Upton et al. [U5] reported on a very extensive series of data

(the Greenhouse experiment) on late effects including life-shortening in

LAFI mice (6 to 12 weeks old) exposed at a nuclear test site.. Nineteen groups

of 220 mice each were exposed to gamma rays from 179 to 782 rad. Neutron

doses in 8 groups ranged from 28 to 250 rad. Mean survival times were ob-

tained for each exposure group and tested for linearity versus dose. In both

sexes, for the gma as well as for the neutron data, significant departures

from linearity were observed and the best interpolation to these data was a

curvilinear quadratic relationship fitted empirically. The authors felt that



Tablel

Life-shortening after single acute whole-body x- or gma-ray treatments

Speciessndstrain Sex Rad Lati On
Percentage Fbngeof
life10st/ Dayslost/ Formofperc~nta:~ rad thecurve Rcf~r.nc:s
1(X)rad shortening

Mouse10strains !.! 98-kvpx 0.15 linear
::;U ‘

G2

MouseBAF1 M p?Q-kVpX 30.2 0.24 ?
4.&

G3
M 13~-kVPX 30.4 0.29 ?
M 250-kVPX 4.6 27.2 0.27 ?
1’ &3-kVpX 6.7ti

~.2$+/

39.2 0.35 ?
F 135–kVPX 32.1 0.34 ?
F 2>0-kVPX 6.7-/ 39.2 0.43 ?

MouseCAFI ‘F 250-kVPX 3.2-6.3 19 0.214.42 convex K7
upwwd?

MouseSwiss F 2>0–kVpX 4.7 0-30 0.19 1inear S17

MouseCFl F gammafrom 2.6 8-37 0.25 llnear s18
weapon

MouseCF1 !$! x rays 7.8-JO.9 11-31 ? convex B8
upward?

MouseLAF1 M gammafrom 5.$ 3-45 ;::;3
concave U5

F weapon 10-51 upward

Mouse6 strains M 200–kVpd ::: 23.2 0.28 concave G4
F 5.4 30.6 0.81 Upwind

MouseSAS/4 M+F 15-%Vx 5.4 5-44 0.40 linear LI
MouseRF/J F 250-kVPX 9.1 36.s 0.45 linear? S19
MouseBDF1/J F 250-kVPX 5.1 5-50, . 0.45’ linear S20
MouseRF F 60cogamma 4.-f 28-85 0.25 linear S21
MouseRF/On M

ia::kvga :
3-31 0.56x3.03 convex U7

F 5-29 0.15%.02 upward
Housec57BL/6L F 100-kV~x 4.1~ 3-32 0.2# :cnvex rl
MouseA/J F JOO-kVPX 5.@ ~-38 o.# upward Y1
MouseW F 300-kVpX 7.# 6-32 0.75 convex C12

upward

MouseLAF1 ll+F 60Cogamma 2.5U 7-2$) 0.15 concave G5
upward

MouseB6CF1 M 60Cogamma 5.3 5-42 0.45 linear A7
F 5.3 6-43 0.48 1inear

Mouse(C57BLXC3H) M 250-kvpx 2.5 0-9 0.22 linear? C13
MouseBALB/c M 250+vPx 7.3 0-56 0.54 linear? M8
MouseC57B? M 2j0-k’Jpx 9.8 0-48 0.68 linear? M8
Mouse(C57BLXC3H) M 2~CPkVpX 3.2 0-29 0.27 linear? M9

I
MouseRFM F

I

137Csgaumla ;.6$; o-38 complex Sbh ;
M 0-20 linear?

MouseBAIWc F 137Csgamma
“bl7.G- 0-14 0.3+’ linear? S44

Rat Mistar M 250-kVpX 4.2-4.9 7-29 0.354.41 linear? H5
F 2.8-4.o 4-24 0.15Q.22 linear

Ra% Wiatar F 250-kVpXJ 0.4 39 0.28 ? L3

Dog Beagle F 250-kVpX 6.7 3-24 2.Q linear? A2

~ Dataderivedfroma singleexposureof 1000Rgivenunder5 percento~-ge>
b~ Dataderiv?~maer the}].ypoth~s~sO!l~nearltY
< Averag,~.r~lls,r.,..
~ Datad.~iv~~mde~ ;h~:I:lpotb.eaiso?linear.tyfromexperimentsattheLD50level
~ Fi~resobtainedittheLD lerel
U Fig!resderL.cifro”,crah5%d Sa;her(Gl)
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Species and Strain

Mouse Swiss

Mouse CFI

Mouse LAFI

Mouse CFI

Mouse RF/iTn

Mouse RF/Un

Mouse BC6FI

Mouse RFM
Mouse BALB/c

Rat

Guinea-pig

T abl e 2

Life shortening after single acute whole–bod,y neutron treatments

Sex

F

F

M
F

F

M
F

F

M
F

F
F

M

M

Radiation

thermal column

weapon neutrons

weapon neutrons

fission neutrons

I-llleTjneutrons

14-MeV neutrons

fission spectrum

fission spectrum

fission spectrum

fission spectrum

Percentage
life lost/
100 rad

4*7

4.7

6.7

::2

9.o-18.o
8.~-ld.9

67d●

b~
35*9

- 45-77
42-70

OJla

,@/

Rmge of
percentage
shortening

0-30

8-30

9-23
9-39

9-45

19-28

33-47

9-26

7-26
9-31

4-25
0-20

22

12-16

Days lost/
rad

0.19

0.37

0.79
1.06

1.06

0.21+.06

0.114.03

0.40

3.0-0.9
3.9-1.1

-1

Form of
the curve

linear

linear

concave

upward

linear?

convex
upward

convex
upward

convex
upward

convex
upward

‘?

?

Refs

S17

S18

U5

VI

U7

DI

Al’

U8

K8
K9

K8
K9

~ Estimate derived from a first-approximate assumption of linearity
b~ Estimate derived from data at the smallest dose of 20 rad



the shape of the curve should be taken with some reservation, particularly

since later tests with more refined dosimetric methods (which in this parti-

cular instance left something to be desired) gave more nearly linear dose-

effect relationships.

63. In the Greenhouse series [’US]the Gompertz plot of irradiated mice showed

a displacement upwards and to the left of the control curves in both sexes.

Life-span-shortening was reported to be due to premature onset of all diseases

observed in normal aging mice. The onset of old–age diseases was advanced to

essentially the same extent by any one dose, an exception being thymic lymphoma

whose incidence was greatly increased in both sexes. There was no consistent

relationship between frequency of neoplasia and dose, because the incidence of

some tumours (thymic lymphoma, granulocytic leukaemia, tumours of the ovary)

increased but that of others (reticulum cell sarcoma, mammary sarcoma) decreased

with increasing doses. Thus, no overall clear-cut relationship could be estab-

lished between life-span-shortening and tumour incidence.

64. Some of the data from the Greenhouse experiment (male and female ani-

mals receiving Up to 267 rad) were reanalised by Walburg [Wl] on the basis

of the original pathology data and with appropriate corrections for competing

probabilities of death [H2, H4]. A significant life-shortening effect was

observed when all causes of death were considered together; but when only non-

neoplastic deaths were taken into account there was no advancement in time of

mortality due to these diseases. Walburg concluded therefore that evidence

of life-shortening due to non–neoplastic causes was lacking, although these

experiments are often cited as an example of non-specific life-shortening.

65. Working on six mouse strains irradiation with single doses of x razs

around the LD
50/30’

Grahn [Gb] reported a curvilinear type of relationship

with dose. By appropriate correction for animals dying of leukaemia and ova-

rian tumours he was able to eliminate much of the variability between strains

and sexes and to reconduct the whole process culminating in life-shortening

to a basic injury parameter (0.28 days of life lost/R or 19 per cent life lost

for irradiation at the ID~o,30) applying to all strains and sexes. On this

basic parameter other factors, specific for life–shortening due to leukaemia

and ovarian tumours, would superimpose to give predictable amounts of effect

at any dose and for any strain and sex. Other data by Vogel, Frigerio and

Jordan [Vi] are summarized in Table 2.

,,,:.



66. Lindop and Rotblat ILI, L21 reported on experiments with SAS/b inbred

mice exposed to single whole-body irradiation (50-780 R, 15 MeV x rays). When

the percentage survivors was plotted against age at weekly intervals for

each dose group, the life–shortening effect for the pooled sexes fitted a good

linear relationship with dose without apparent threshold. The data suggested

that life–shortening was the result of a loss of early life and not of a con-

traction of the time scale: simply from the point of view of survival, the

irradiated animals behaved in fact like the non–irradiated controls of older

ages. Lindop and Rotblat [L2] established the cause of death of these animals

and came to the conclusion that life-shortening was not due to induction of

specific diseases but to the forward displacement in time of all causes of

death. In this respect radiation could this be considered as an aging factor,

although not identical to natural aging, since the relative ages of onset of

the various diseases were different in irradiated and control animals.

67. StorerJs [S19] data on RF/J mice were limited to a single exposure of

400 R of 2J0 kVp x rays administered at the age of 90 days. They are sum-

marized in Table 1. Storer performed also other experiments [S20] on DBF1/J

female mice treated at three months of age with graded exposures (100, 300, ~.,

500 R) of 250 kvp x rays. Under these conditions shortening of median survi-

val followed a linear non–threshold function of dose. Autopsies performed on

large samples of the animals showed that tumour incidence was not increased by

radiation exposure, although tumours tended to occur earlier. The time inter–

val between irradiation and the occurrence of a significantly increased death

rate was inversely related to the size of dose, as though low doses required

longer times for the injury to become manifest. On this basis Storer postu-

lated that in experiments where animals are sufficiently long–lived (or the

latent period is sufficiently short) so that the elevation of the death rate

may show over the time interval in which essentially the whole population is

dying out, life–shortening will be proportional to radiation dose. But with

low doses or short-lived animals a curvilinear relationship might apply.

68. Upton and collaborators [U7, U9] performed an exhaustive series of ex-

periments on RF/Un mice irradiated with various doses and dose rates of 1 and

5 MeV neutrons, 2>0 kVp x rays and
60

Co gamma rays. At high dcise-rate (about

10 rwi/min Or higher) both with x rays and with I Mev fast neutrons, the shape

of the curves appeared distinctly non-linear (convex upwards). With x rays



within the 3 to 30 per cent range of life–shortening the days lost/rad at the

various doses varied between 0.56 and 0.02 at progressively higher doses, with

differences between male and female animals. With fast neutrons between about

20 and 50 per cent of life-shortening, the days lost/rad were between 0.21 and

0.03, again with oscillations between the two sexes. In these animals death

was characteristically associated with neoplastic and degenerative diseases

common to the natural aging, except for animals treated with high doses in

which death was attributed to necrosis and aplasia of the lymphatic and hae-

mopoietic tissues. The shape of the dose-survival curve (which shows with

both neutrons and x rays) could conceivably be explained by difference in the

effects responsible for life-shortening, in that not all effects which might

contribute to earlier death are identical in dose-response relationships.

Leukaemia and other neoplasms could not entirely account for life-shortening

in this series of experiments.

69. Data on induction of neoplasia in the above-described experiments were

reported in a paper by Upton, Randolph and Conklin et al. [U9]. There is no

specific discussion in this paper about the relationships with life-span-
60

shortening but some of the data ( Co irradiation at high dose rates for sin-

gle doses of 100 and 300 rad) were reanalyses by Walburg !-WI],on the basis

of rather caref@. macroscopic examination of the animals at death. There was

no significant difference between control and irradiated animals if all causes

of death other than neoplasia were considered. But when all causes of death

including tumours were an~ysed together the difference between control and

irradiated mice became very significant. It could thus be concluded that

there was no significant residual life-shortening when only the non–neoplastic

causes of death were considered. This conclusion, which is partly at vari-

ance with the conclusions of the authors themselves is to be attributed, in

Walburg!s view [Wl], to the use of a more refined analysis of the lethality

data.

70. Darden et al. [Dl] also reported data on RF/Un female mice exposed to

graded doses of 14 MeV neutrons (dose rate 1 - 2 rad/min). The mean age at

death of animals surviving beyond 30 days decreased with increasing dose,

with a maximum difference between control and irradiated animals being ob-

served in the JOO rad group and amounting to 151 days of 27 per cent of the

control life-span. Life-shortening was an approximately constant or slowly

decreasing function of dose up to about 200 rad, but at higher doses the ef-

ficiency/rad tended to decrease, as in the series by UptOn [U7]. Tumour in-

,.



duction could not entirely explain the life-shortening observed, although

thymic and myeloid leukaemia could account for most of the increase in mor-

tality in irradiated groups.

71. By the use of a radioprotective agent (WR-2721 or S-2(3-aminopropylamino)

ethylphosphorothioic acid) which protects against acute mortality more effi-

ciently than it does against the life–shortening effects of radiation, yUhas

[Yl] expanded the range of doses studied. The shape of the dose-response re-

lationships were consistently different for the two strains studied. In the

A/J strain the curve was linear non-threshold at low doses and came to a pla-

teau in the high dose range. In the C!57BL/6J life-shortening was curvilinear

over the entire range of doses. It is impossible to assess whether the radio-

protective treatment altered the actual shape of the dose-response relation-

ship in ways and amounts different for the two strains used. Actually, if one
..”

considers the dose relations obtained at doses below the LD
50/30

without the

use of the WR-2721, a certain amount of curvature can be seen in both sets of

data, perhaps more pronounced in the C57BL/6J.

72. In a more recent experiment Grahn, Fry and Lea [G5] gave LAFl hybrid mice

60
of both sexes single exposures of Co gamma rays in the range of 390 to 900 R.

Mean after-survival showed a curvilinear trend with dose. The principal life-

shortening effect was attributable to excess tumour mortality up to 390 R,

while at higher exposures the 10SS of life expectancy was not paralleled by a

futiher increase of tumour incidence. Walburg [Wl] commented on these data and

interpreted them to show that when the life-shortening effeCt .iS 15 per Cent

or less of normal the increased mortality is attributable entirely to induc–

tion or acceleration of tumours.

73. Clapp et al. [C12] reported on a large-scale experiment on life-shorten-

ing and disease incidence in RF/Un mice irradiated with 300 kVp x rays (50-400

rad) and with 60 MeV protons (47-372 rad). The data indicated a flattening of

the dose-response curve at doses in excess of 200 rad and a reasonable straight

trend at the lower doses. When animals dying from thymic lymphoma and myeloid

leukaemia (which were induced in up to about 40 per cent and 25 per cent, re-

spectively, of the mice) were removed from the calculations, the mean survival

time of the remaining animals still showed a decrease as a function of dose.

Gompertzts analysis confi~ed that removing the leu.kaemic animals did bring the

death rate curve more near and more par~lel to the control line: the curves,



however, did not superimpose except at doses below 100 rad. Thus , not all of

the observed life–shortening, particularly at the high supralethal doses, can

be explained by the induction of leukaemia, as in male RF animals. A possibi–

lity does remain (but it was not examined in a most recent publication, IC15])

that ovarian tumours occurring in 50 per cent or more of the animals might ac-

count for the extra life–shortening remaining after subtraction of leukaemia.

74. In his ‘1975review Walburg [Wl] refers to data in the male RFM mouse ex-

posed when 5 - 6 weeks old to a single acute treatment of SOO R of sOO-kVp

x rays. Routine histopathology allowed the assessment of causes of death with

reasonable accuracy and the data were corrected for competing probabilities of

death. The cumulative mortality curves for all causes showed significant life-

shortening; when death attributable to leukaemia were excluded the cumulative

mortality curves of the control and of the irradiated mice became superimpos-

able, suggesting that radiation did not significantly induce or accelerate

under these conditions other non–specific causes of death.

75. Ainsworth et al. [AT] irradiated male and female B6CFI mice with single

doses of gamma rays (90 to 788 rad) and found that life–shortening had a rea-

sonably linear dose-response. In the case of fission–spectrum neutron irra–

diation, however, the shape of the dose–response curve (20 to 240 rad) appeared

to be convex upward. Possible explanations for this shape of the relationship

were suggested: they will, however, remain unclear until the causes of death

will be completely worked out.

76. Data of life-span-shortening induced by single acute exposures of 250 kVp

x rays (100 to 900 R) were obtained by Maisin et al. [M8] in the course of ex-

periments on the effects of chemical protectors. Data refer to male Balb/c

mice (4–I2 weeks old) and to male C57BI mice (1 to 3 months old, 350 and 650 R).

An essentially linear decrease of the life–span with dose was found for the two

sets of data: the numerical values are given in Table 1.

77. Pathological observations in the course of these experiments were evalua-

ted by the method of competing risks (MIO) with a classification of the causes

of death comprising various forms of leukaemia and solid tumours, glomeruloscle-

rosis, non-neoplastic lung lesions and others. In the non–irradiated Balb/c

animals tumours were mainly responsible for deaths, while in the normal C57B1



mice other non-neoplastic causes were observed in the majority of cases. An

increases and advanced incidence of specific diseases, mainly thymic lymphoma,

was at the origin of the radiation-induced life–shortening in the low-to-medium

range of exposures. For higher doses in excess of the LD
50

life-shortening was

instead characteristically associated with glomerulosclerosis.

78. Very extensive data on RFM and Balb/c mice were recently presented by

Ullrich and Storer [u8_jand Storer et al. [s44]. The effects of dose, dose-rate

and radiation quality on life-shortening and carcinogenesis were examined. 137CS

gamma rays at 40-45 rad/min and 8.3 rad/day (10 to 400 rad total doses) and fis-

sion neutrons at 5-25 rad/min or 1 rad/day (5 to 188 rad total doses) were used.

Dose-effect relationships for life-shortening at dose-rates will be examined here.

In the RFM females a dose-squared or linear-dose-squared model could describe the

data adequately between zero and 50 rad , with the dose-squared component predomi-

nating after about 4 rad. The curve for RFM male animals was thought to be linear.

High dose-rate neutron curves in both RFM and Balb/c females were linear in the

range of zero to 47 i-ad,with an ensuing decrease of effectiveness giving rise

to an upward convex trend up to 200 rad. No specific discussion is given of

the contribution of particular diseases to life-shortening.

79. Metalli et al. [M9~ irradiated hybrid male mice of the (CS7BLXC3H)F1

strain (100-days old, 250 kVp x rays, 100 to 700 rad). A dose of 900 rad

with bone marrow infusion from isogeneic donors or with shielding of one leg

in order to overcome the early ef’fectsof radiation on survival was also used.

These procedures did not appear to alter appreciably the long-term survival of

the animals. The mean after-survival of the mice as a function of dose could

be reasonably fitted by a linear function. These animals have a spontaneous

incidence of about 55-60 per cent of reticulum cell sarcoma. The incidence of

this disease was still quite high at 400 rad but fell gradually at higher doses
.

to about 5 per cent at 900 rad. On the contrary, the incidence of glomerulo-

sclerosis (which is very low in normal animals) increased to about 70 per cent
●

after 900 rad. Since life-span–shortening versus dose could be fitted by a

linear regression in spite of such profound changes in the spectrum of induced

diseases shotid probably be regarded as a fortuitous event. The data are in no

way reconcilable with any theory posttiating a non-specific aging effect.

:,:,

80. Preliminary data have also been reported about a very extensive study

designed by Spalding et al. [Spp] to investigate in the same experimental



series the effect dose, dose rate, age at exposure and genetic background on a
60

variety of late effects, including life–shortening, by Co gma rays in mice.

It is proposed that the present ~nex sho~d include a review of these data as

soon as they will become available in a more complete form.

2. Rat

81. There are a few data on single-dose irradiation of rats. Hursh et al.[H5]

irradiated Wistar male and female animals with 250 kVp x rays in the range of

150 to 600 R. They found a decrease of the survival time proportional roughly

to exposure, the per cent reduction of life span/100 R being between 4.2 and

4.9 for male and between 2.8 and 4.0 for female animals. Inspection of the data

shows an approximate linearity of the experimental points, although the error is

fairly large, since the various dose groups included a maximum of 24 animals each.

82. Wistar females surviving an acute whole-body exposure to hypoxic irradi–

ation (250 kV x rays, 1000 R) showed some life-shortening compared to controls.

Tumours appeared sooner in the irradiated animals but their final incidence

was not increased. This early onset of neoplasia was best explained as one

aspect of the accelerated aging process, although other diseases prevalent in

old rats (cataract, acute inflations, epilation, skin ulcerations) were also

accelerated to a comparable

these animals and increased

unrelated) were reported as

same group [L5].

degree [L3]. Nephrosclerosis in 46 per cent of

blood pressure (the two conditions being rather

pathological findings in another paper by the

83. Again in the rat (female Long-Evans-Wistar hybrid) life-span-shortening

was observed after acute whole-body x ray exposures (250 kVp at 55 R/rein.) of

120, 2L0 and 48o R. Under these conditions the efficiency of the treatment/

rad was found to vary from 0.60 to 0.76 to 0.52, respectively, at the above-

mentioned doses [L4].

3. Guinea-pi=

84. In experiments by Kimeldorf, Phillips and Jones [K8, K9] young adult male

guinea-pig from a SPF Hartley colony were exposed to a simulated fission spectrum



of fast neutrons. The median life-span of the controls was 828 days; of the

100 rad–exposed animals, 730 days (12 per cent reduction); of the survivors

in the lethal dose range (120 - 160 rad), 698 days (I6 per cent reduction).

Both values of the median life-span were significantly smaller than control

survival. In a related study !K91 young adult male rats (94 to 110 days of

age) were treated with 215 – 230 rad from the same neutron source. Although

this dose was sublethal to the animals at 30 days, the median life-span was

reduced by about 22 per cent. It was concluded that a dose range producing

some acute mortality in the guinea-pig is less effective on life-span than a

dose which in the rat is sublethal. The reduction in median life-span/rad

is, however, comparable for the two species.

4. Chinese hamster

85. There are a few data obtained by Kohn and Guttman [Kll] on the chinese

hamster. Although this animal is more resistant to the acute effects of ir-

radiation than other rodents under similar conditions, the late effects tend

to be more severe, at”least judging from the life-span-shortening. In fact,

550 rad of x ray whole-body exposure caused a loss of 3Z weeks (corresponding

to about 30 per cent) of the life-span remaining at the age of 230 days. At

higher doses, for each increment of 100 rad above 550 rad and up to 950 rad

there is an additional. approximately linear loss of life-span of 20 weeks up

to a per cent life-span reduction of 93 per cent.

86. A large experiment on the life-span of normal and irradiated female

beagle dogs has been reported by Andersen and Rosenblatt [IQ]. At 10 - 12

months of age the dogs were given single or fractionated 250 kVp x rays treat-
,

ments to total doses of 100 or 300 R. All irradiated beagles had a shorter

life-span than controls. For single-dose treatments the life span-shortening
..

relative to controls amounted 9.5 per cent and 20.7 per cent in the 100 and

300 R groups, respectively. The average life-span-shortening/100 R amounted

to 6.7 per cent. Mortality rates were calculated for the last 6 years of life

and the Gompertz slopes were found to be similar for all contrcl and treated

groups, except that the irradiated dogs attained higher rates of mortality

earlier in life than controls. Major causes of death were tumours and chro-

nic diseases (nephrosclerosis, heart failure, pancreatitis) with no obvious

::,



qualitative differences between control and irradiated animals. However, mali–

gant “neoplasms developed at an earlier age in irradiated dogs, thus accounting

in large part for the life–span–shortening.

87. The above data were reanalyses by Walburg {W-! by the method of Kaplan- ‘

Meier [K2] for competing causes of death, the analysis being limited to con-

trols and to dogs exposed to 100 R, where sufficient numbers were available.

For ages at death beyond 3000 days (an epidemic of canine distemper or a

vitamin-E deficiency altered to some extent the pattern of early deaths) there

was a significantly increased rate of mortality in the irradiated dogs with

respect to normal animals, but this increase disappeared when the neoplastic

deaths were exlcuded from the comparison. Thus , in Walburg’s opinion, the data

are in accordance with the view that all the radiation-induced shortening of

life seen at relatively low doses can be explained by induction or accelera-

tion of neoplasia.

6. Other mmals

88. It is known that experiments on life-span–shortening in large animals

were also carried out. In the burro irradiations with single and fractionated

doses of gamma rays and with single doses of neutron-gamma radiation from the

detonation of a nuclear weapon have been performed [BIO]. Results on this se-

ries are not sufficiently advanced for any definite conclusion.

89. In the ~, single and fractionated doses of gma rays were also admin-

istered in April 1960 for a life-span study [N51 but the experiment was termi-

nated in 1973. The relevant data are of no use for life-span–shortening since

more than half of the animals were still alive when the experiment was ended.

7. Conclusions

90. Most of the data pertaining to the effects of single acute doses of x

and gamma rays in the mouse are summarized in Table 1 and are plotted together

in Figure II which shows the percentage of life-span-shortening as a function

of dose. The data in the figure’refer to about 35 experimental series Per-

formed on about 20 strains of inbred, outbred of hybrid mice of both sexes

and various ages, performed in various laboratories around the world since 1956.



,
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A large scatter of the experimental points would not be unexpected under such

conditions and in fact the agreement between such very heterogeneous data ap-

pears rather surprising. The variability on each experimental point (which

is available in many of the experiments, although not in all) has not been

plotted since it would be expected to be reabsorbed in the variability between

series and could not in any case be used to weigh the points in the analysis

to follow. In order to avoid including animals dying from early radiation

effects, mice surviving less than 60 days were excluded. The analysis was

limited to doses of Up to 900 rad and corresponding maximum effects of about

60 per cent. In order to standardize the abscissa dose scale a conversion

factor of 1 R = 0.95 rad was used. The ordinate scale is simply the percen-

tage of life-span-shortening (calculated from mean or median values as they

were available) by comparison with the life-span of non-irradiated mice, ir-

respective of the duration of life of the normal animals or of the pathology

at death.

91. The nature of the plot in Figure II is such that for

saturation of the effect must become manifest, although it

very high doses a

may reasonably be

assumed that within 50 - 60 per cent no saturation might distort the plot.

In the absence of any information as to the possible form of the dose-effect

relationship a non-weighted linear regression was first interpolated to the

data, according to the formula

y = ~+QD (5)

where y is the precentage of life-shortening, D is the dose and a and—

Q are the coefficients of the regression. The calculated least–square solu–

tion to the above equation was

Y = 1.615 + 0.0502 D

and it gave an R’ value of 0.788. &Lthough at inspection of the data a

(6)

higher–order component was not clearly apparent, its existence could

excluded and therefore the following relationship was also fitted

y=g+~D+~D2

not be

(7)
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which yielded the following solution

Y = 0.531 + 0.0638 D - 1.94 10-5 D2 (8)

The R2 of this fit was 0.743.

92. It may be concluded that under the above conditions the life-shortening

data for the mouse may be considered to follow a linear non-threshold rela-

tionship as a function of the x- and gma-ray acute dose, indicating a life-

shortening efficiency of about 5 per cent/100 rad down to the smallest doses.

The data may, however, also be fitted by a linerar + quadratic function, where

the quadratic term is negligible and not such to give rise to an appreciably

different relationship within the errors of such an analysis or to substan-

tially different quantitative conclusions.

93. Analysis of the data in the various experimental series and an inspec-

tion of Table 1 makes it quite obvious that in any given instance the dose-

effect relationship for life-shortening may be linear or curvilinear (with

upper concavity or convexity). The actual shape of any such curve depends on

the interplay of the biological variables (strain, sex, age) with dose, giving

rise to a different spectrum of life-shortening diseases or pathological con-

ditions at the various doses. That the combination of a variety of experi-

ments should produce a linear relationship cannot therefore be considered to

depend on any particular biophysical law, at this stage of the analysis. It

may simply reflect the fact that when all experimental conditions and all the

resulting life-shortening effects are averaged over a number of different se-

ries, they combine by chance to produce an approximate linear relationship

with dose. Therefore, taken as such, this observation may have no special

meaning in the interpretation of the life-shortening action, but may be re-

garded as a very interesting observation in practice. It shows, in fact, that

in a highly non-homogeneous mammalian population where all ages, sexes and

strains are represented, the use of a linear function to describe the dose-

effect relationship for acute exposures to x- and gamma-rays is not an unrea-

sonable proposition.

:;;

94. The data obtained in the mouse by neutron irradiation (see Table 2)

were Similarly plotted on a common graph as in Figure III which includes doses

Up to about 5oo rad and life-span–shortening effects Up to about 50 per cent



&- II II II II II II II II II

L-ICLU>XX>N

did
Zu
GG

-1

x

-1

n n!!
J

-1

> >N
L- J>

3
L

L&

L>n n ‘ ‘
> ‘N %= (

L

I
>CML

I 1 I 1 >>

I

E! a R
— ❑ u 5’ El

N

!3NINI11WL NHzJ5 3j17 Zlkllttlxtld

R



of normal. Only the results with monoenergetic-, fission spectrum– and wea–

pen-neutrons delivered acutely were included, for a total of 15 series and

5 different strains of mice. Inspection of the data makes it immediately’ ap-

parent that the nature of the dose-relationship is in this case quite diffe–

rent from that observed with x- and gamma-rays. This impression is confirmed

when the following equations are fitted to the data with the following results

y._ &+bD Y= 5.736I + 0.0851 D (9)

~2
= 0.5751 (lo)

Y=S+D+02
-4 D2

(11)y = 2.005 + 0.1837 D - 277 10

F’ = 0.6860 (12)

Clearly, none of these two relationships provides a satisfactory interpolation

to the neutron data, because the first of them fails to show the initial steep

rise and the latter, after showing a maximum of effect between 300 and 400 rad

bends down rapidly towards lower values, an effect which would be difficult to

interpret. The following relationship was also fitted

Y=__ a+b~

and it yielded the following solution

Y= 0.1645 + 1.764 m

(13)

(14)

R’ = 0.6837

The square-root relationship seemed to fit the data fairly well in that it de-
.

scribed adequately the increase of effect seen at very low doses of neutrons

and the ensuring levelling-off of the data for doses up to 500 rad, along a
,

slope roughly parallel to the slope of the low-LET radiation dose relationship.

95. Thus, whatever the actual relationship truly applying to the life-span-

shortening effect caused by neutrons in the mouse, under the conditions of

the present analysis the data are best described by a relationship having a

convex upward trend with dose, such that the efficiency of low neutron doses

is higher than that of higher doses. The numerical value of this higher effi-
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ciency will be discussed under paragraphs 192-213. Once more, it should be

pointed out that there is no fundamental biophysical reason why the shape of

the neutron curve should be of the form roughly described by the above equa-

tions, because the same observations pointed out for the x– and gma-ray data

under paragraph 93 would be expected to apply to the neutrons as well. How-

ever, the form of the neutron relationship is curvilinear (convex upward) with–

in a range of effect where a linear function applies to low-LET relationships.

Since saturation phenomena with respect to the expression of the biological

damage might not be expected under such conditions, the only way to interpret

the neutron data is by assuming that the shape of the relationship does re–

fleet some primary biophysical difference in the mode of action of low- and

high-LET radiation, particularly at the low doses.

96. The effects of single acute exposures of low-LET radiation on animals

other than the mouse are summarized in Figure IV, in comparison with all the

mouse data. At inspection, no large differences may be traced from the small

series reported in the literature. This is particularly true for the rat,

whose data are well superimposable up to 500 rad with the mouse response. The

response of the dog has only been examined at relatively low doses and the data

are perhaps on the high side of the mouse data. The chinese hamster, on the

contrary, has only been examined at doses in excess of 500 rad and the data are

suggestive of a concave upward trend. Between the species tested, however, the

variability of the response is apparently rather small.

B. THE EFFECT OF CONTINUOUS LIFE-TIME IRRADIATION

97. The “duration-of-life” exposure condition has been used since the very

beginning and is documented in the early papers of Henshaw [Hi], Evans [E2],

Lorenz et al. [L6] and Boche [Bll]. It has widely been utilized in the ex-

perimental series of Sacher and Grahn [S4] who have largely contributed to

the interpretation of this type of data and is still in use at present [N6, N7].

In this case of internal irradiation from radionuclides of long half-life it

is naturally the only possible irradiation condition. Exposure for the entire

life represents a base-line condition of irradiation useful for comparison

with other exposure types like the acute single-dose: in respect to this lat-

ter it has the advantage of mimicking a pattern of exposure which is the most

interesting in practice, since the continuous chronic rather than the short



acute irradiations are of major concern in human radiation protection. Also,

some research workers [Gl, G61 point out other advantages, like the linearitY

of the relationship between the log mean after-survival of the animals and the

daily exposure level. This property might facilitate the description of the

effect and justify comparisons between various animal species or various typeS

of radiation.

98. On the contrary, others believe that the terminated exposure technique,

rather than the exposure to death might be more apt to give unbiased answers.

Based on evidence on irradiated DBA mice Mole M6] examined the concept of what

he called “wasted radiation” for exposure to death, that is, the amOUnt of ra-

diation administered in excess of that strictly required to kill the animals.

Mole showed that under some conditions of exposure the wasted radiation would

amount to over one-half of the mean accumulated dose. This implied that the

duration-of-life exposure conditions would be unsuitable to establish precise

dose–time relationships for life-shortening. Actually, the mean accumulated

dose would be overestimated on account of the wasted radiation and the mean

survival time would be put in doubt by the fact that each specific biological

response to radiation might take a different and characteristic time to deve-

lop . According to Mole. [M6], for all these reasons terminated exposure con-

ditions should preferably be used.

99. The concept of wasted radiation was utilized by many research workers

in the field, although often without much experimental ground, to account for

data that could not otherwise be explained. The concept stems from the notion

that each specific disease or pathologic condition has a latency time between

induction and clinical manifestation; there is also more time intervening be-

tween the appearance of the disease and its development into a lethal condi-

tion. The biological arguments underlying the concept of wasted radiation are

indeed well founded but there are different views as to the practical impor-

tance of this concept since the amount of wasted radiation appears to be neg-

ligible [L7] or very substantial [M6] under different experimental conditions.

Sacher and Gra,hn [S4], Grahn and Sacher [Gl] and Sacher !“S23]have repeatedly

criticized the concept of wasted radiation pointing out that it does not lend

itself to any easily testable implications. In their opinion, there are in-

deed changes in the effectiveness of a given dose with an increase of the pro–

traction time (see paragraphs 151-191) and under appropriate circumstances



these changes could at least in part be interpreted as being due to an effect

of wasted radiation. According to Grahn and Sacher IGl I this concept would al-

ready be contradicted for rather high doses and short survival times (the con–

cept was actually derived from experiments at 200 to 25 R/day and on the LD
50/30

end-point); but for long protraction periods the idea would be injustified

since no radiation may be considered as truly wasted.

100. The difficulty with the notion of wasted radiation is that in chronic

exposure to death time and dose have a bi-univocal correspondence and cannot

be experimentally separated from each other. Thus , it becomes difficult to

isolate from an end-point like the life-span-shortening (which is measured in

units of time) the dose that would have been given in excess of the minimum re-

quired to kill the animal within a given time. An additional difficulty lies

in the nature of the biological event of death which is in itself a final end-

point in survival experiments, whereas in experiments on tumour induction, for

example, it is possible to acco~t in part for the wasted radiation by compu-

ting the dose absorbed at the tissue of interest up to the time of the first

appearance of the tumour or to some such extrapolated time [F3, Mll, M12].

101. It is natural therefore that, in spite of its wide acceptance, specific

work to test experimentally the concept of wasted radiation has not been very

extensive. In fact, this concept has its shortcoming in the difficulty of its

testable implications and in the precise evaluation of its importance under

each specified experimental condition. There appears to be little hope that

these problems might be settled in the near future and any conclusion concer-

ning the relevance of this notion in the interpretation of radiobiological ex-

periments in animals or, even more, in human radiation biology must for the

time being remain open.

102. The available evidence on the biological effects of chronic radiation

exposure for the whole life of the animals will be reviewed in the next few

paragraphs (paragraphs 103-126). This field has been reassessed at various

times, among others, by the UNSCEAR Committee [Ul], by Sacher and Grahn [S4],

Grahn and Sacher [GI], Grahn [G6], Sacher [S14]. The reader is referred to

those contributions for more extensive coverage of the subject. The life-

shortening effects of incorporated radioisotopes will be considered for con-

venience in separate paragraphs (127-139).



1. Mouse

103. Henshaw [H1l carried out two small experiments

x rays (O, 5, 10, 20 and 25 R/daY, 5 times per week).

with C3H mice with 200 kV

He showed a decrease of

the average survival time down to 58 per cent of control at the highest expo–

sure rate and an increase of the death rate. In a later re-examination of

these data Boche [BII] showed that the excess death rate over the control death

rate divided by the exposure rate was a constant within the range of exposures

considered and could be taken as a characteristic of the mouse sensitivity to

chronic x-radiation.

104. More complete experiments by Henshaw [H6] and Henshaw, Riley and Staple-

ton [H7] were reported on four strains of mice (CFI, ABC, c58 and A), selected

for special characteristics, like, for example, the high spontaneous incidence

of letikaemia and lung tumours. Daily whole-body exposures to fast neutrons

(0.115 to 13.0 n) and of gamma rays (1 to 17.2 R) were administered 6times

weekly at high instantaneous dose rates. Most of the animals died either in a

state of atrophy or with mediastinal lymphomatosis. Doses and LET dependencies

were noted, as well as changes in sensitivity between strains and special pat-

terns of response of the various diseases. In those days the main interest

was in establishing the existence of a threshold dose: in this respect that of

neutrons was set below 0.115 n/day ~d below about 1 R/day for the gamma rays.

It was also noted that life-span was a sensitive indicator of damage since

about ten times more radiation was required to produce a threshold pathologi-

cal change than to shorten appreciably the life-span.

105. Daily doses of 0.014 n of fast neutrons (equivalent to 0.1 R/day of

x rays on the basis of the relative effect of single exposure) were shown to

have no definite effects on mice treated for 87 weeks. Survival time was de-

finitely reduced at exposwes of 0.14 n/day for a total of 60 n, while doses

of neutrons ten times higher produced over 50 per cent death of the animals

by about the 29th week at a total dose of approximately 200 n [E2].

106. Boche [Bll] studied various species of animals. Wistar rats were

treated with 250 or 1000 kvp x rays at expos~e levels of 0.1 - 10.0 R/day.

Rabbits received I year of irradiation and beagle dogs or monkeys were

treated for 2 yea,rs at similar exposure levels. The life-span-shortening

effect was sho~ in various ways but the different ener~ of radiation or

.,



the animal sex were not found to influence the extent of this life-shortening.

In dogs, rabbits and monkeys which were irradiated for only a fraction of the

life-span no effect on survival times was found at exposure rates below 1 R/day.

Bochets contribution emphasized particularly the importance of the net increase

in mortality rate/roentgen in characterizing the relative species sensitivity.

107. In the experiments of Lorenz et al. [L61 (reported also by Lorenz [L8]

in a less complete form) C31Tbfemale and LAFl male and female mice were given

life-span exposures of 0.11 - 8.9 R/8-hour day of gamma-radiation. There was

a Progressive decrease of the mean survival time with increasing daily dose.

At the 4.4 and 8.8 R/day level there was an early acceleration of the death

rate, which showed later (at around 20 and 24 months after the beginning of

exposure) also in the 2.2 and 1.1 R group and was taken to be a manifestation

of the cumulative character of the radiation injury. By plotting mean accumu-

lated dose versus mean survival time a straight line was found to represent the

data adequately over the dose interval considered. No predominant

death was apparent.

108. In the case of guinea-pigs exposed under similar conditions

cause of

the death

rate was greatly accelerated already at the 4.4. and also at the 2.2 R level,

by comparison with the mice, showing that bone-marrow failure was killing the

guinea-pigs at short terms. Survivors at 1.7 R/day had a shorter life-span.

In this species the curve describing the mean survival time as a function of

the mean accumulated dose, after an approximately linear relationship of the

two variable Up to ~.4 R/day was shown to bend back sharply because of the

appearance of the early syndrome of pancytopenia.

109. The mouse data in the experiments by Lorenz et al. [L6] were reanalyses

by Failla and McClement [F~~ by the use of the Gompertz function, in such a

way that the resulting curves might be internally consistent. The straight

slope of the Gompertz plot (see Figure I) was taken to represent the effect of

the aging process, whatever its mechanism might be. Chronically-irradiated

mice had a steeper slope which phenomenon, on the above assumption, would be

taken as an acceleration of aging. From the relative position of the Gom-

pertz-lines a fictitious dose rate of radiation was calculated (amounting to

12.8 R/day) that wo~d cause the s~e aging as occurred spontaneously. This

analYSis was used as a preliminary step to infer life-span-shortening values-

applicable in the human species.



110. The survival of two mouse strains (the ABC male and the CF1 female) was

studied by Sacher 1S21 for exposure rates between 2 to 100 R/day of x rays.

The relationships between mean survival time and mean accumulated dose as a

function of exposure rate, as well as the relationships between lethality fol-

lowing acute or repeated exposures were analysed. From these analyses a leth-

ality function could be deduced under certain mediating assumptions about the

linearity of the processes and about a defined lethal bound of injury.

111. Neary, Muson and Mole ~N3] exposed male and female CBA mice to gamma

rays (1.5 mR/h) or fast neutrons (three dose levels; 36.4, 3.0 and 0.9 mrad/h)

spread over most of the time and almost continuously. Gross effect on the cu-

mulative mortality curve were seen only at the highest dose-rate where the mean

survival time was shortened by one third; at the medium dose-rate the mean sur-

vival times was shortened by less than 10 per cent. There was a general trend

towards shorter survival with increasing dose levels: the difference of the com-

bined data for males and females was significant at the 5 per cent level only

between the group at the highest dose level and all other groups and between the

control and the group at medium level. Significance could be improved if only

the animals comprised between 30 per cent and 100 per cent mortality were in-

cluded in the analysis. Shortening of mean survival time was examined in re-

lation to dose-rate and to mean accumulated dose after averaging the male and

female data. Having made allowance for the gamma ray contamination of the neu-

tron field, straight lines could be drawn through the experimental points.

112. Neary et al. [N31 also analysed the data to see whether treatment was

acting by accelerating the process of aging, in which case the time axis of

the mortality curve would be contracted and the dispersion of life-time values

would be reduced in proportion to the mean life-time. The evidence was, on the

contrary, for a displacement to the left of the time axis which would be in fa-

vour, as in the case of Lindop and Rotblat !Lll, of premature rather than ac-

celerated aging.

113. All experiments on irradiation for the duration of life known until that

time were reviewed by Mole in 1957 [M13] and his paper was made a part of the

1958 report of the Committee {Ul]. Only 5 out of 11 known reports (see [M13”1

for a complete list of references) contained sufficient details for the re–

Construction of a curve showing the decrease of the mean survival time versus

the dose/week. Fast-neutron as well as gamma ray data were plotted together



with the dose scales in the ratio of 1 to 13 (see figure XIV). The agreement

of the experimental series was, at least for the mouse, surprisingly good and

exposure levels of 10 R/week or higher of gamma rays shortened the mouse life

in a reproducible manner. There were eight experimental estimates at weekly

doses of less than 10 R/week (or its neutron equivalent) and in none of them

the duration of life was significantly different from the respective control

value. Taken at face value, these data suggested therefore an apparent thres–

hold at dose rates below 10 R/week or its neutron equivalents.

114. Moos et al. [M14] and Yusken et al. [Z2~ carried out experiments on CFW

mice of both sexes, individually caged and irradiated with 400 kVp x rays at

daily dosages of 2 - 512 R. The survival time of the mice decreased as the

daily dose increased but the decline was not very rapid up to 8 R/day. Expo-

sure of up to 4 R/day allowed the animals to accumulate 600 - 1400 R before

one-half of the mice died. About 2900 R of accumulated radiation was given at

16 or 32 R/day. In a subsequent paper Moos [M151 tested the possible exis-

tence of a threshold in the same mice. He showed that variability of the con-

trol population and of the animals receiving 2 R/day was the same or could not

be resolved statistically and concluded for a continuous effect of life-span

reduction down to the smallest dose rates tested.

115. Of particular interest to the problem of life-time irradiation are the

data by Sacher and Grahn [S4] on more than five thousand LAFl male and female
60

mice given Co gamma ray exposure starting from the age of 100 days. These

data represent up to the present the most complete and exhaustive experimental

series on this subject. The exposure levels used were 36, ranging from 5 to

200.000 R/day and corresponding mean survival times from about 500 days to 6

hours. The daily doses between 5 and 2500 R (giving mean after sqrvival times

of 5 or more days) were delivered during 12 or 15 hours/day; higher daily doses

were given almost continuously. Dosimetry was particularly accurate and fully

discussed.

116. Survival data were analysed by an empirical function of survival time

and dose-rate, the cumulant lethality function, CL, defined as

CL (t*) = +(1-$) (15)



where I is the daily

dose-rate I and t
o

tive of this function,

identification of four

exposure in roentgen, t* is the mean after-survival at

the mean after-survival of controls. The first deriva-

called the impulse lethality function, S
L’

allowed the

distinct phases of injury with peaks at 0.5, 5, 13 and

40 days and these times could be related to different modes of injury to the

nervous system, the intestinal epitheliums, the leukopoietic and the erythro-

poietic marrow, respectively (see Figure V). For mean after-survivals in excess

of 60 days a plot of the log mean after-survival versus the daily dose was found

to be very nearly linear: this procedure allowed the assessment of life-shortening

coefficients with small uncertainties. The paper by Sacher and Grahn [S4]) con-

tains a full discussion of the mathematical formalism underlying the cumulative

lethality functions. This represents

the phenomenology of radiation injury

117. Lesher et al. [L9] reported on

an advancement in the identification of

and lethality.

the patholo~ of these animals, in an at-

tempt to establish the cause of death. The daily exposures of 5 and 12 R/day

were considerably more carcinogenic than higher exposure rates, and the lower

carcinogenic efficiency of’ the higher dose rates was tentatively attributed

either to the earlier death of the more heavily irradiated animals or perhaps

to a “therapeutic” effect on the potentially transformed cells as the dose-rate

increased. It was found, in general, that the duration-of-life exposure yielded

less tumours per R of accumulated exposure than single or terminated irradia-

tion regimes. Tumours of the genital tract and a higher incidence of lymphoma

were responsible for the much higher tumour incidence in the female mice; also,

some diseases were accelerated in the irradiated mice and some were not.

118. Sacher and Trucco [S13] analysed a model for mmalian radiation letha-

lity and recovery, based essentially on the kinetic characteristics of self-

renewing cell populations. The model assumes that population growth proceeds

at a rate proportional to cell n~ber but that growth is constrained, so that

each cell population attains a given stationary size. The rate of growth is

therefore the product of two terms, one of which is a monotone function of the

size of the population and the other is a monotone function of the difference

between actual size and limiting size at any given time. Based on these simple

assumptions Sacher and Trucco produced a complex phenomenological theory which

was applied to radiation data on survival after split doses, multiple fractio-

nation and protracted continuous exposure and showed some qualitative agreement

between the curves obtained experimentally and those predicted by the model.
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line) mice
Grahn [S4].

However, the formulation of this theory is not sufficiently developed and may

be regarded as a first attempt towards a more comprehensive treatment.

119. ln another paper Sacher, Grahn, Fry et al. [S5] examined the late ef-

fects of gamma-radiation in respect to two major

incidence of tumours of the reticular tissue and

by all causes other than the reticular tumours..

male and female mice of four different genotypes

60
experiments ( Co gamma rays, 0.3 to 56 R/day).&

served on the WI mouse [S4] the data showed that the log mean after–survival

plotted as a function of the daily dose followed a very nearly straight line.

categories of effects: the

the life-shortening induced

The data were obtained from

exposed in duration-of-life

In agreement with that ob-

120. The Gompertz transforms of these data (see Figure VI) for all causes of

death were sli~tly convex upward and formed a fan of lines of increasing SIOpe

with increasing dose-rate with small differences between genotypes. When the



These slopes plotted on a semilogarithmic scale as a function of the exposure

rate (R/day) gave in turn straight relations thus justifying the conclusion

that the slope of the Gompertz lines increased exponentially with daily dose

(see Figure VI1 B). Finally, this paper [S51,has interesting aspects con-

cerning the cellular mechanisms of life–shortening because it provides some

link between phenomena at the whole-body level and at the cell population level.

122. The paper by Grahn, Fry and Lea [G5] summarized a number of studies on
60

various strains of young adult mice exposed to various levels of Co gma-

radiation ranging from 0.3 to over 30 R/day and discussed the problem of a

“non-specific” life-shortening effect as opposed to a “specific” effect, that

is the induction of neoplasia. Data from mouse strains Balb/c, C57BL/6 and

their F, hybrid show upon irradiation a steady increment of mortality associa–

ted with neoplastic disease as both the age and the daily dosage increase up

to a few R/day. An excess mortality from .non-neoplastic conditions with re-

spect to controls is seen only at 6 R/day and above. Thus, the risk of early

or excess death from radiation exposure at intensities of the order of 100 or

200 times the background would be related entirely to the increase in inci-

dence and to the shift in the time of appearance of the neoplastic diseases.

123.

tained

double

Sacher [S14] pointed out that when the slope of the Gompertz curves ob-

at various daily dose$ is plotted as a function of the daily dose on a

logarithmic scale for two mouse strains, the LAFl [S4] and BCFI [S5]

the resulting relationship can be resolved into two straight branches (see

Figure VIII). At exposure rates below 24 R/day the data lie close to a first-

power line while above this value they conform closely to a second-power

trend. At about 24 R/day the contribution of the two terms is equal. These

observations would be consistent with the hypothesis that life–shortening at

dose rates in excess of the above–cited value is predominantly due to a type

of cytogenetic injury viewed as lethal rearrangements following chromosome

breakage (dicentrics). On the contrary, at lower dose rates one–event lethal

aberrations (terminal deletions, dominant point-mutations) would predominantly

or exlcusively be involved. Life–shortening by fast neutrons would obey sin-

gle event kinetics.
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2. Guinea-pig

124. One hundred-day old male and female p - ea-pi~ were started on a fract-

ionated course of radiation (
60

Co gamma rays) for the entire duration of life

[R2]. Together with a number of control animals, groups receiving 1.35 R,

once or four times a week; 2.6 R, 5 times a week; 6.o R, 4 times a week; 24 R,

once a week; 6 R, 6 times a week; were included for a total of 344 animals.

The relationship of the log mean after-survival. time against the weekly ex-

posure in R was approximately linear and the life-shortening coefficient came

to about 0.06 days/R, in close agreement with the data of Lorenz et al. [L&J.

At !5.4R/week a paradoxical early decrease of mortality was noted in males for

which no explanation could be given. Fatty degeneration of the liver, chro.

nic ki~ey d.iseases~ spleen amyloidosis and various tumours were noted in the
.

auunal.s in no obvious correlation with life-span-shortening.



3. Goat

125. The survival of goats was

on groups of 11 - 12 animals for

followedby Hupp et al. [H8] andby HUPP [H9j
60

each sex submitted to chronic Co gma-ray

exposure (3, 7, 15, 30 and 40 R/20 hour day). Great individual variability

was observed in the survival time at all except the highest dose level. The

lethality pattern observed was quite different than that of mice and rats. Fe-

males exhibited little exposure rate response in the range of 7-40 R/day, while

males accumulated the maximum exposure at 7 R/day. Rats and mice, on the con-

trary accumulate maximum exposures at 30-50 R/day ~G6].

126. Casarett [c16] reported briefly on the

x rays, 5 days per week at daily exposures of

survival data of dogs (1000 kVp

0.06, 0.12 and 0.06 R/day be-

ginning at 21 months of age). The accumulated exposures at death in these

three groups varied between 122 and 257 R; between 243 and 465 R; and between

1088 and 2198 R, respectively. Average ages at death were 13.8, 13.2 and 12.3

years, respectively, the control age being 13.0 years. Median death age was

13.1 years in the control and 14.1, 13.8 and 12.7 years in the irradiation

groups, respectively. In addition to these groups, a similar fractionation

scheme was applied in other groups, giving 3 R/day in 10 minutes for 5 days/

week for a total of 25, 32 and 42 weeks. Other two groups received 300 and

375 R whole-body at rates of 10 and 64 R/rein, respectively. For these latter

groups no survival data were reported. More recent

to be found in [N71 (see paragraph 235).

5. Internal irradiation

127-. Irradiation by injected, ingested or inhaled

data for the dog are also

radionuclides is a special

form of localized chronic treatment which is

its effects on the life-span of contaminated

any non-neoplastic life–shortening effect.

worth considering in relation to

animals and to the existence of

128. Finkel, Biskis and Schribner [F5] examined the effect of 90
Sr in CF1

female mice injected at 70 days of age with nine acute doses between 1.3 and

2200 pCi/kg. The same data with a more extended range of doses were also re-

ported by Finkel and Biskis !F3] and made the object of a comparative analysis



.

of life-span–shortening and incidence of neoplasms. When plotted against dose,

life–span–shortening and bone sarcoma induction were not linear over the whole

dose range observed. Life-span–shortening and tumour induction appeared to be

equally sensitive indicators of radiation damage. There was a good corres-

pondence between life-shortening and tumour induction up to a dose of 880 pCi/kg

but at still higher doses, in spite of a decreased incidence of the bone tu-

mours, life-span further decreased, showing the beginning of a specific non-

humorous mechanism of death.

129. Finkel’s [F5] data were reanalised by Mays and Lloyd [Mll]. Mice dying

with bone sarcoma had a median life–span from injection to death which de-

creased rather regularly with increasing average skeletal dose, owing to a shor-

ter latency time of the bone sarcoma incidence at higher doses. An effect of

life-shortening induced by single injections of
90

Sr (1.0 or 0.2 pCi/g) was also

described by Van Putten and De Vries [V2~ on (CBAXC57BL)F1 hybrid female mice

and these data plotted as the percentage of the control life-span were rather

close to those of Finkel et al. [F5].

130. Similar observations can be made regarding the rat data of Moskalev,

Streltsova and Buldakov [M16] as reanalyses by Mays and Lloyd [Mll], since the

average time from injection to death tended to lengthen as the dose decreased

from 500 to 0.005 pCi/kg. A dose-related life-span-shortening was reported by

Brooks et al. [B12] in hamster injected with 90Sr (0.2 to 5.o WCi). The 60

per cent survival times ranged from 90 days with 2.0 VCi/g to 1100 days at 0.2

pCi/g. In this species, however, myeloproliferative diseases rather than os-

teosarcoma were the most common pathological conditions observed.

131. Another volume seeker,
45

Ca, was studied in single injections by Finkel

et al. [F5], and her data were also reanalysedby Mays and Lloyd [Mll]. They

were able to show that median survival time from injection to death in mice

dying with bone sarcoma declined with increasing dose owing to a progressively

early appearance of the bone tumours.

132. Sarcoma incidence in the bone tissue and life-span-shortening were eva-

luated as a function of dose, dose rate and time in beagle dogs fed from mid

gestation to 1.5 years of age a diet containing 90Sr [M17]. Under these con–

ditions the observed life-span-shortening was attributed mostly to radiation-

induced tumours. Also, in the same paper a reduction of the delay time in the



appearance of bone sarcoma with increasing activities administered was re-

ported in dogs. The same observation was true for the same species in the ex-

periments of Burikina [B13], thus confirming that a shortening of the induc-

tion period for tumours (giving rise to a shorter life-span of the tumour-

bearing anitis) holds true also in the case of chronic uptake of the nuclide.

133. There is some information regarding bone-seeking alpha-emitters. In a

reanalysis by Mays and Lloyd [Bl12]of data on single injections of 239PU in

CF1 female mice by Finkel and Biskis [F3, F6] a progressive decrease of the

average surviv~ from injection to death (for mice living beyond 200 days from

injection) wss seen at increasing skeletal dose, even when the incidence of

bone tumours at doses in excess of 3.1 pCi/kg decreased, rather than increased.

At these very high doses there may of course be some question about how much

a non-specific life-span-shortening might have contributed to the observed de-

crease of the percentage tumour incidence.

134. Shortening of the latency interval of tumours induced by 239
Pu injec-

tion in rats was also shown by Bensted et al. [B14]. But in the same species

chronic administration of 239~
- in spite of an increased incidence of osteo-

sarcoma, leukaemia and marrow aplasia - was reported to produce minimal chan-

ges in the life-span of the treated animals [B15].

135. The life-shortening observed in dogs carrying osteosarcomas induced by
239fi 228m 228Ra 226Ra 90~r)

various injected bone-seeking radionuclides ( , 9 ● 9

and included into the Utah experiment were calculated by Dougherty and Mays

[D5]. The accumulated skeletal doses Up to one year before death were com-

puted and used as the independent variable. In all tumour-bearing animal

groups and for all nuclides tested the log of the time from injection to death

was a linear function of the log average skeletal dose. Thus, not only was the

average life-span reduced by the appearance of bone tumours (whose incidence

is a function of dose) but a ftiher reduction of the life-span was seen in

tumcmr-bearing anim~s by the earlier appearance of tumours at higher doses.

Based on life-span-shortening, the efficiency of the various nuclides relative
to 226

Ra taken equal to one were 239fi _ 6 228n . 8 228
Ra = 2.5;

90~r
; ; = 0.07

ta 0.24. These differences could best be interpreted in relation to the local

site Of energy absorption and to the type of radiation, the surface-seeking

alpha emitters being substantially more effective than the volume-seekers.



.

.

136. In 1970 Eyring and Stover [El] examined the life- span–shotiening from
239

internal irradiation by Pu and 226Ra reported for the beagle dog experi–

ments at the University of Utah [M18, s24, Jl] making use of the steady-state

theory of mutation rates [S15, S51]. They fitted cumulative survival curves

as a function of the average skeletal dose accumulated by groups of dogs in-

jected when young adults with various doses. There was a high correlation be-

tween the mean survival time and tumour induction with the average skeletal

dose. The log of the dose was proportional to the 50 per cent survival time

and the experimental data followed two quite unrelated slopes at low and at
226Ra

high doses of injected . In the case of
239Pu, on the contrary, the 50

per cent survival times followed a linear function of dose at the low doses.

This difference was taken to show that although both nuclides were effective
226

in inducing osteosarcoma, Ra acted by inducing specific changes in one or

239
more compartments, while Pu induced small changes which appeared to be ad-

juvants to the changes occurring through the aging process.

137.
228Ra 228m and

The analysis of life-shortening was also extended to ,

90Sr in subsequent publications [S25, s26]. When the precentage of osteo-

sarcoma induction was plotted against the percentage of the life-shortening

produced by each dose level of each nuclide, a life-shortening of 60 per cent

was obtained when the tumour incidence reached 100 per cent. At high dose

levels the degree of life-shortening was similar for all five nuclides but

this similarity was not maintained at the lower dose levels. In the case of

239
Pu the incidence of osteosarcoma greatly exceeded the control incidence

even at the lowest dose level where no life–shortening relative to controls
226

was apparent. In the case of Ra progressive life-shortening was seen at

skeletal doses in excess of 2120 rad, where the occurrence of osteosarcoma was

between 92 and 100 per cent but practically no life-shortening was found at

skeletal doses between about 370 and 950 rad, although sarcoma incidence in

these groups was between 10 - 20 per cent and 42 per cent, respectively.

138. From an analysis of data on yong beagles injected with single intra-
252Cf 2k9Cf 241h 238PU 228m 228Ra 226Ra and 9osr ~ay~

venous doses of 9 9 3 > Y >

and Dougherty [M18] concluded that all or virtually all of the life-shorten-

ing effect observed at medi~ and at low doses of the nuclides is attributable

to radiation–induced bone sarcoma. Thus, the thesis that the induction of

neoplasia is responsible for all of tilelife-shortening ~bserved in the 10W-

;{:.

dose range of the experiments available is confirmed also in the case of a

medium size mammal injected with a variety of bone–seeking radionuclides.
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139. In the field of inhaled alpha-emitters an experimental study in rats

treated with
238PU 239W and 241

> Am given as oxides or nitrates was reported

recently [M191. Survival time of the animals and latency time, frequency,

location and histotype of the tumours were analyzed as a function of the dose

rate and of the dose distribution. An acceleration of the tumour induction

time (and therefore of aftersurvival time) with increasing dose and the exis-

tence of a non-neoplastic life-shortening at high doses were also apparent.

Similar findings were also obtained

by Park [PI].

6.

239
in dogs inhaling Pu by Bair [B16] and

Conclusion:_

140. The effect of life-shortening induced by continuous exposure may be

analysed as a function of the dose-rate of the treatment or against the total

dose received (at the various dose rates) from the beginning of exposure to

death. There is enough data in the mouse to examine both types of dependen-

cies and to attempt some descriptive analysis.

141. Figure IX shows on the ordinate the percent life-shortening induced af-

ter exposure at the dose rates indicated on the abscissa in rad]day. All data

available on various strains and sexes have been grouped, separately for the

case of neutron and low-LET radiations. The graph includes therefore all the

variability expressed in this type of experiments. It should be pointed out

that the.data by Moos et al. [M14, M151, although following qualitatively a

similar trend, have quite different quantitative relationships and could not be

considered with the other series. The x- and gma-ray data include 5 diffe-

rent series performed on 4 strains of male and female mice; the neutron data

include 5 series on 3 strains and both sexes.

.
142.

of the

where

When a

The nature of the plot in Figure IX is such that the low dose-rate end

abscissa is greatly expanded. Sigmoid relationships of the type

Y= 100 (1 - e-~) (16)

A is the dose–rate in rad/day may reasonably be fitted to the data.

non-weighted curve was fitted to the data by a least-square method,

the solutions were, in case of the low–LET radiation
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Y= 100 (1 - e
-0.0379 A,

and <n the case of neutron irradiation

Y= 100 (1 – e
-0.3748 A,

(17)

(18)

By inspection, the above relationships interpolate the low-LET data quite ade-

quately, but fail to properly follow the fairly high effect seen at the very

low doses of neutrons and the tendency to merge of the x-ray and neutron data

in the high-dose region of the graph. The relationship

Y = 100 (1 - e-~m)

which fits the neutron data with the following values

Y =100 (1-e
-o.b883 w,

(19)

(20)

seemed more adequate for that purpose. But an even better interpolation was

obtained by least-square fitting the data with the relationship

Y=

solved as

Y=’

It should be noted that even in

100 (1 - e
-0.4883 Ax

) (21)

00 (1 - e
-0.4883 A2/3)

(22)

the case of chronic radiation exposure the low

doses of neutrons appear somewhat more effective than the high doses in brin-

ging about life-shortening damage (see paragraphs 211 - 213).

143. Another type of analysis is one where the percentage life-shortening is

plotted versus the dose accumulated at the various dose rates under duration-

. of-life exposure. Data obtained in the same experimental series shown in

Figure IX are plotted in Figure X, separately for the x- and gsmma-ray and

for the neutron series. At increasing doses the life-shortening effect of

low-LET radiation also increases in an apparently linear fashion at the low

doses and then with a progressively accentuated upper concavity up to doses

of about 6000 rad administered for the duration of life at dose rates of about

20 rad/day.
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144. At higher dose-rates the life-shortening continues to increase but,

owing to the progressive reduction of life, the dose accumulated decreases and

the curve bends over towards the origin. Such an effect had previously been

described by Lorenz et al. [L61 and may be predicted by the theories of Blair

[B51 and Sacher [“S11. Although this observation is not immediately apparent

from Figure X it may be noted that all along the curve the data obtained at

approximately similar dose rates are reasonably well clustered together. This

immediately points to a relationship between the three quantities under study

in the graph: dose, dose-rate and life-shortening eff’ect.

145. Simply in order to describe the data with a maximum of precision, an

attempt was made to fit a curve where the three quantities cited would all

contribute to determine the final shape of the relationship. The following

equation was assumed to interpolate the phenomenon reasonably

=bD&AY_ (23)

where y is the percentage of life–span-shortening, D the dose and A the

dose-rate, Q and ~“ being proportionality constants. Such a relationship

could not be fitted adequately in the absence of some function relating dose

and dose-rate. In order to find such a function the simplifying assumption of

an exponential decrease of the life-span with increasing dose-rate was made

for any given total absorbed dose

-A/A
T = Toe o (2h)

Since the total absorbed dose is given by the product of the duration of life

and the dose–rate

D=AT (25)

it follows that

D= AT e-A/Ao
o

(26)

A plot of total absorbed dose versus dose-rate for data belonging to the same

experiments in Figure Ix was found to agree reasonably well with an expression

of the above type. Therefore, the previous relationship was fitted to the ex-

perimental data, yielding

D= 664.II A e-0”0351 (’27)

with an R2 = 0.98.



146. By the use of the above relationship a fit of the experimental data

could then be attempted with optimization of the various parameters to achieve

the minimum square deviations. The experimental points from the fitted curve

gave the following solution

Y = 0.00662 e+0”0159 (28)

in which the functional relationship between A and D is given by the above

expression (equation 27). Figure XI represents the best fit to the experi-

mental data in Figure X and provides for each dose (in the abscissa) the per–

centage of life-shortening to be expected (on the ordinate) at the dose rates

(in rad/day) specified at the various points along the fitted curve in the

body of the graph.

147. The neutron data in Figure X deserve

the very characteristic trend of the x- and

life experiments has not been verified. On

separate mention because for them

gma–ray data in duration-of–

the contrary, the data available

would point to a continuously increasing effect of life-span–shortening with-

out any inflection in the trend. The data are too few and too scattered to

establish with certainty”such a difference in shape. It may be speculated that

the effectiveness of the neutron treatment in duration–of-life experiments is

so high compared with x- and gamma-ray that the bending of the curve is not

possible in view of the short life of the irradiated animals. But it should

also be remarked that the experimental points in excess of about 60 per cent

of life-shortening (where the curvature becomes apparent with the low-LET ra-

diation) are only two of the same series and therefore insufficient to confirm

a difference of shape. In any case, the point is of little practical signi-

ficance because the doses involved are extremely high.

148. It is of great interest to examine the change of effectiveness observed

in the mouse between the single acute and the extremely low dose-rate data.

If the linear term with dose of the single acute exposure (about 5 per cent

life lost for 100 rad) is divided by the slope of the curve for duration-of-

life exposure obtained, for example, at a dose-rate of 1 rad/day (total dose

about 7oo rad) the ~OSS Of efficiency is by about a factor of 7. In the case

of neutrons an estimate of efficiency requires that a function be fitted to

the data in Figure X. If a linear rationship is interpolated only for the

purpose of the present comparison, the equal effect ratios between acute and

chronic neutron exposures at 50 per cent, ZO per cent and 10 per cent of life–

shortening are, respectively, 0.6, 1.4 and 2.5.



149. The guinea–pig, the goat and dog have also been exposed for the dura-

tion–of-life and have revealed differences with the mouse related to the sen-

sitivity of the various species to haemopoietic death or, more precisely, to

the dose-rate level at which the susceptibility of the bone-marrow becomes the

main cause of life-shortening. The guinea-pig was consistently more sensitive

in two experimental series; goats showed differences between the two sexes and

an increased response with respect to the mouse. There was evidence that the

bending point of the curve as a function of dose (see Figures X and XI) might

occur at dose rates consistently lower than in the mouse, so that the maximum

dose that this animal may accumulate in duration–of-life experiments occurs

at less than 10 R/day, as compared to the 20 - 40 R/day applying to the mouse.

The qualitative response of the dog might be similar to that of’the mouse,

since the dependencies on the dose of the life–shortening ef’feetchange when

haemopoietic or non-haemopoietic mechanisms influence survival. Quantitatively,

the primary mechanisms of death might be neoplastic non-haemopoietic or pos-

sibly degenerative at dose rates below about 3.5 rad/day, while i.nthe mouse

the relevant figure would be in the region of 20 rad/day.

150. A large variety of injected, ingested or inhaled radionuclides have

been studied for their capacity to induce life-shortening. The largest ex-

45Ca) or alpha emittersperience refers to bone-seeking beta emitters (
90

Sr and

(226Ra, 228Ra, 228Th, 238Pu, 239Pu, 241Am, 249Cf and 252Cf) administered to

different animal species under a variety of routes, doses and dosages. Very

good correlations were generally found between life-shortening and induction

Of bone tumours, thus justifying the conclusion that whatever reduction of life

is apparent from the experiment it may entirely or almost entirely be explained

by tumour induction or acceleration, except at extremely high doses where a

specific mechanism of death might produce short-term mortality. This conclu-

sion is very clear-cut and not surprising, since selective partial-body expo-

sure is the mechanism operating in case of internal irradiation and, under

these conditions, non-specific damage to the whole body

The data are therefore not strictly comparable to those

radiation and the above conclusions carry little weight

blem of life-shortening specificity.

cannot be expected.

from whole-body ir-

in respect to the pro-



c. DOSE-RATE, DOSE FRACTIONATION, CHRONIC TERMINATED EXPOSURES

151. Other experiments are available where radiations of different types were

given at various instantaneous dose-rates in chronic terminated or in frac-

tionated exposures to animals of various species. The experiments were made

sometimes to examine the effect of a given regime of chronic terminated ex–

posure; in other instances, to study changes in the instantaneous dose-rate;

in still other cases in order to compare the effects of splitting a single dose

into fractions separated by various time intervals. In all these experiments

the interplay of dose–time parameters is extremely variable and the final ef-

fect may be expected to be intermediate between the two extremes of the single

or of the duration-of-life exposure. It is difficult and somewhat arbitrary

to separate all this work into various chapters: the subdivision to follow will

consider separately the effect of dose-rate, of dose fractionation and of

chronic terminated exposure, in an attempt to draw more systematic conclusions

about the different radiobiological variables.

1. Instantaneous dose–rate

152. The papers where instantaneous dose-rate was examined as a separate va–

riable in acute exposures or in the course of chronic terminated experiments

are very few and all on mice. It is evident that, unless the dose-rates used

are very high, the effect of the duration of the exposure cannot be separated

from the effect itself of the instantaneous intensity of irradiation.

153. Vogel, Frigerio and Jordan [VI] reported that between 1 and 4.4 rad/min

of fission neutrons the effect of life-span was independent of dose-rate,

while there was dependence for gma rays in the range of 1 to 13 rad/min, the

efficiency of the treatment being lower at low dose-rate. The experiments

were performed on CFI female mice irradiated with Is brief daily exposures.

In another series the mice were irradiated with single neutron exposures at

8 rad/min or 0.2 rad/min (36-174 rad total dose). Survival did not differ

within the above dose-rates.

154. Vogel and Jordan FV3, V4] irradiated the same mice with fission neu-

trons and gannna rays (1 to 35 rad/min).

of 60

Four weekly doses of 200 rad/week

Co gamma or 100”rad/week of neutrons were employed, delivered at variable



dose-rates. For both radiations, the lower the dose-rate, the longer was the

life-span of the animals. Lindop and Rotblat ILIO] reported on the changes in

effectiveness (expressed in weeks of life-shortening/100 rad) as a function of

the instantaneous dose-rate at the extremely high intensities of 77 to 158.000

rad/min. They showed that the maximum effectiveness (5.7 to 6.2 weeks/loo rad)

was at around 1000 rad/min, but could not explain the loss of effectiveness at

still higher dose-rates. Oxygen depletion induced by these high intensities

could not be responsible for such an effect, since it was also seen in mice

made artificially hypoxic.

155. Upton, Randolph and Conklin [U7] and Upton, Randolph and Darden [uIO]

used variable dose-rates of gma rays (8o-I rad/day) or of fast neutrons

(11 to 0.004 rad/day) to induce life-shortening on RF/Un male and female mice

(total doses of 10.000 and 1.000 rad, respectively). In females, a consistent

reduction of the gma-ray effectiveness was seen at the lowest intensities,

amounting to about a factor of 3, by comparison with acutely-delivered (6.7

or 80 rad/min) doses. A further reduction to a factor of 6 was observed if

continuous irradiation was carried out to the time of death of about 50 per cent

of the animals. For neutrons, loss of efficiency of continuous against acute

administration was 0.9 and decreased further to 0.7 for exposures protracted

to death of 50 per cent of the mice. In male animals, the loss of efficiency

of the gamma rays was even higher, amounting to 0.1 upon continuous administra-

tion ad to 0.04 for irradiation protracted up to 50 per cent survival.

156. Spalding et al. [S21] performed experiments on RF female mice irradiated

with gamma rays (2.5 to 250 rad/hour, TOO to 1200 rad total dose). Within a

given total dose the mean after-survival was changed more or less randomly with

the dose–rate. Biological and environmental factors such as individual varia-

tions in radiosensitivity and cage effects rather than any identifiable physical

parameter were held responsible for these observations. Dose-rate studies (gam-

ma rays, 0,1 - 100 rad/min, 100 - 300 rad weekly exposure for a substantial du-

. ration of the life-span) were also reported by Willhoit and Wiggins [W5]. Some

decreased effect at the lower dose-rates was noted, but it was impossible to

attribute the effect to any specific disease, owing to the lack of pathology.

157. In the experiments of Ullrich and Storer Iu81 and Storer et al. ~S44] on

~ and Balb/C female mice lowering the dose-rate of gamma rays led to a mOdi–



fication of the shape of the dose-effect relationship in the range 50 - ~00

rad from a very complex pattern at h5 rad/min to a nearly linear shape at 8.3

rad/day. The large difference in effectiveness was related to an upward dis–

placement of the regression line in the O – 50 rad range in the high-dose rate

groups. Balb/c females showed a similar trend, in that the 50 rad dose point

was displaced upward in the high-intensity curve, suggesting a dose-rate de-

pendent injury component which saturated at high dose rates at about 50 rad,

similar to the one identified by Sacher [S2j in female mice given 200 rad or

more. The response to neutron irradiation of high (25 rad/min) or intermediate

(1 rad/day) dose-rate was somewhat different. In RFMmice the low-dose-rate

was less effective at 24 rad but more effective at 188 rad than the high dose-

rate. In Balb/c mice little dose-rate dependence was seen at low doses but at

188 rad the low intensity was more effective. The results are somewhat less

clear at doses below.

2. Dose fractionation

158. The experiments reported in the next few paragraphs (159-172) were per–

formed by splitting a given dose or a series of doses into two or more frac-

tions, irrespective of the time over which the total dose was administered. The

dose per fraction, the fractionation interval and the total time to complete

the course of irradiation are variables that interact together in producing the

final effect. They cannot be disentangled from each other under most of the

experimental conditions used. Often the ocmparison is therefore between a dose

given in a single treatment and the same dose over a very protracted course of

fractionation. Only seldom is the accuracy of the data such that numerical

protraction factors can be derived with the necessary degree of precision.

159. In the mouse Sacher[S2] performed experiments on the life-shortening of

400, BOO and I,20c)R when given in equal fractions 5 day/week over 2 or 8 weeks.

The life-shortening of mice dying from causes other than lymphoma decreased

with increasing number of fractions, even though the effect of leukaemia in-

duction increased by fractionation, was reported for the C57BL mouse by Kaplan

and Brown [K12]. The dose fractionation experiments performed by Curtis and

Gebhard in 1958 [c17] with fission spectrum neutrons and 250 kVp x rays in L’F1

female mice (see also paragraph 194) did not show any change in RBE upon frac-

tionation but the authors themselves recognized the peculiarity of this finding

and attributed it to the use of fairly large doses. In their opinion, the re-

covery rate from such doses wo~d be essentially different in the x-ray and

neutron groups, as compared to the recovery from small fractional doses.

,’.,,

$}!~



160. Survival and leulsaemia incidence were studied in RF male mice irradiated

with 25o kVp x rays by Upton, Wolff, Furth et al. [U1l-l. After 150 R given in

a single exposure longevity was 15.6 months and it increased to 16.3 and 16.5

months when this same exposure was split into two 75 R fractions and given 2

and 6 days apart, respectively. Similarly, 450 R given in a single treatment

or in 3 equal fractions at 2 or 5 days interval changed survival from 10.3 to

10.8 to 11.1 months, respectively. These changes are indeed small and of du-

bious significance, in spite of the relatively high number of mice per group.

They could be attributed to changes in the incidence of reticular tissue tu-

mours which are by far the largest part of the causes of death in this strain,

particularly after irradiation.

161. Mole [Ml, M20, M21] reported that when 1000 R or x rays were delivered

in 10 daily fractions of 100 R the mean survival time was shortened by 10 per

cent, with respect to controls. When the same total exposure was delivered in

100 fractions of 10 R each the mean survival time was shortened by 37 per cent.

Thus , spreading a given dose over a longer time would apparently increase the

amount of damage. The same result was obtained on CBA mice when 750 R were

given in a single dose or spread out over several weeks. In this case frac-

tionation induced a change in the shape of the age-mortality curve and of the

age-specific mortality rates owing to the appearance of more leukaemia deaths

after the protracted than after the single exposure. It seems possible there–

fore that the important factor in this case might have been a change in the

spectrum of the induced diseases rather than the fractionation ~ se.—

162. Cole et al. [c18] examined in LAFl mouse the influence of 250 kVp x-ray

fractionation. The incidence of leukaemia was increased significantly when

690 R were subdivided into 2, 4 or 8 equal fractions separated by 8 weeks, 19

days or 8 days, respectively. Irradiation shortened survival time in all

groups, but the largest decrement was seen in mice receiving 8 exposures of

85 R, an effect which would be contrary to expectation if leukaemia had not

specifically shortened survival in this case. In contrast, observations on

nephrosclerosis showed a decreased incidence of this disease with fractiona-

tion from more than 50 per cent in the mice receiving the single exposure to

less than 10 per cent in the group receiving eight fractions. Therefore, in

these experiments nephrosclerosis was mainly responsible for early death after

the single dose , whereas malignancies specifically accounted for more than half

of the deaths in the fractionation groups.



163. According to Vogel, Frigerio and Jordan [VII fractionating 275 rad of

neutrons into 3, 4 or 10 separate daily exposures did not result in any signi-

ficant difference of the mean survival time of CF1 female mice. Kohn and

Guttman [K6] studied the effect of 520 R of 250 kVp rays given as a single ex-

posure or in two fractions administered 8 days apart on male and female CAFI

mice. Regarding specifically the effect of fractionation, here again the re-

sults were unclear in showing any significant improvement in survival.

64. Vogel and Jordan [V5] examined on CFI female mice the effect of frac-

tionating a weekly dose (300 rad of
60

Co gamma rays or of 60 rad of fission

neutrons) into 1, 3 or 6 equal dose fractions per week. Both radiations were

delivered at approximately 1 rad/min and the treatments were continued for a

total of 13 consecutive weeks, so that the mice were exposed to almost 4000

rad of gsmma rays or 780 rad of neutrons. The mean survival times of the

gamma-irradiated mice were not significantly different whether they were

exposed 1 or 3 times per week. There was some indication that a further

dilution of the dose to 6 fractions per week might increase survival but the

significance of the data.could be questioned. No indication of a sparing ef-

fect of fractionation was, however, found in the neutron-irradiated mice.

165. Silini and Metalli [S27] showed in a small experimental series that sur-

vival time could be improved by a schedule of fractionation where a condition-

ing dose of 150 was followed by 350 R given at seven time intervals between

zero and 48 hours. A positive regression of the data amounting to an 8 per

cent improvement in survival time was detected. The kinetics of the phenomen

followed a pattern reminiscent of the short-term intracellular type of re-

covery described in cultured cells by Elkind and collaborators [E4].

166. Grahn and Sacher rGl] tested the effects of 450 and 750 R of
60

Co gamma-

radiation delivered as single exposures or in two equal fractions separated by

increasing time intervals from 3 hours to 28 days. The regression of survival

time versus fractionation interval was negative in 3 our of 4 cases (2 doses

x 2 sexes) but none of the regressions were significantly different from zero.

The incidence of leukaemia was not consistently modified by fractionation and

this disease was not specifically associated with life-shortening, in contrast

to what seen in other studies [G4, Ull].
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167. Ainsworth et al. [A?] reported that fractionation of a gma dose of

838 rad into 24 doses of 35 rad administered over 23 weeks produced a sparing

effect by approximately three-fold. On the contrary, a similar regime of frac–

tionation with fission spectrum neutrons produced an increased life-shortening,

which is a rather unusual observation in fractionation experiments. Histo-

pathological observations on pulmonary tumours could not explain all of the

increased mortality resulting from neutron dose fractionation. Tentative ex–

placations were offered, based on the differential acceleration of the lung

tumour appearance or on the differential killing of potentially transformed

cells in the lung.

168. Storer et al. [S44] exposed RFM and Balb/c mice to 7 weekly doses of

fission neutrons of 6.7 rad for 7 weeks (total of 47 rad) or to 23.5 rad once

every 4 weeks over 28 weeks (total 188 rad). Animals exposed to 47 rad frac–

tionated had a life-span not different from those given single high dose–rate

exposures or exposures at 1 rad/day. Balb/c animals receiving 188 rad had a

survival time significantly shorter than that following a single exposure. R1’M

animals given fractionated treatment up to 188 rad experienced the same survi-

val as after single exposure and a significantly longer survival than follow–

ing exposure at 1 rad/day. It was concluded that the cause of death may cri-

tically determine the effectiveness of the fractionated exposure, although the

authors were unable to provide a basis for their observations.

169. Data on the effect of dose fractionation on life-shortening were de-

scribed in the Wistar male rat by Hursh et al. [H5] irradiated with x rays.

While the life-shortening caused by an acute exposure of 600 R was marked (19

per cent of the control) animals receiving 20 R x 30 days had a life-span si-

milar to that of the controls. Sixty R x 10 days produced an intermediate ef-

fect between the previous two conditions. A pneumonia infection occurring

about one year after the start of the experiment complicated the survival pic-

ture of the animals. Also, since the range of control values in these experi-

ments was extremely variable and different from previous data, all this series

seems rather inconsistent.

1-(’0. Data on x–ray dose fractionation were reported ip the same animal spe-

cies by Lamson, Billings and Gambino [L4, Lll]. Increasing the number of

fractions from 1 to 3 to 6 for the same total exposures of 120, 24o, 48o R

caused an increase of life-span, compared to the same exposure in one frac-



tion. ‘Theeffect was dose-dependent in that it could be seen at the two

highest but not at the low exposure. Spacing of’the fractions at intervals of

3, 5, 7 or 14 days did not influence longevity. It was concluded that frac-

tionation after exposure in the I to 6 fraction range led to 30–46 per cent of

the sparing effect obtained by halving the total exposure in the O - 446 R ex-

posure range.

171. In the Wista.r rat Reincke et d. rR3] examined the effects on tumour

frequency and life-span-shortening of two different fractionation regimes of

whole-body x-irradiation (300 R in 3 exposures over 2 months or 10 R in 90

exposures at daily intervals) and compared these regimes between themselves

and with control non–irradiated rats. No significant difference in the over-

all incidence of tumours or on tumour types were observed. The average sur-

vival times were 20 and 25 months, respectively. Tumour induction rates and

death rates were not different between the two groups, but some differences

became apparent when age-specific rates due to neoplastic and non-neoplastic

causes were compared. In general, all radiation effects were more pronounced

in the group receiving 300 R x 3. There was no complete summation of the

effects of the single doses and recovery processes were more effective after

small daily exposures than after greater radiation exposures given at longer

intervals.

172. Various schedules of fractionation as well as single exposures to 250

kV x rays were given to female beagle dogs by Andersen and Rosenblatt [A2].

For total exposures of 100 or 300 R, 4 equal fractions or 2 equal fractions

given at 7, 14 and 28 days interval were administered. In general, differen-

ces between subgroups receiving fractionated exposures were apparent only in

groups totalling 300 R. In these animals life-shortening was increased when

the total treatment time increased from 7 to 84 dhys. It was estimated that

the decrease in life-shortening produced by 300 R would be reduced from 23 to

10 per cent as treatment time increased from 7 to 84 days.

3. Chronic terminated exposures

173. The papers discussed in the next few paragraphs (173 - 180) pertain to

chronic exposures carried out with different radiations on various animals. The

heterogeneity of this work does not detract from the quality of some of the con-

tributions in which many important factors such as the protraction of dose ad-



ministration or the duration of exposure (and therefore the cumulated total

doses) are the variables under examination. The common feature is that in all

cases exposures were terminated before a substantial part of the animals came

to death, thus allowing estimates of the relevant factors under conditions in

which the “wasted radiation” component (see paragraphs 98-101) would not be

effective.

174. The early contributions of Evans [E2] and Lorenz et al. [L6] should

only be cited for completeness. The paper of Mole and Thomas [M7] is a syste-

matic investigation of life–shortening in CBA mice by changing the duration of

60exposure to daily irradiation of Co gma rays or of fast neutrons (mean

energy 0.7 MeV). In the case of gma irradiation, weekly exposures of 350,

210, 11O and 16 R/week for progressively longer times (4 to 30 weeks) and for

the duration of life were tested. For neutrons, 16 or 2 rad/week for 5 to 60

weeks or for the duration of life were the conditions tested. For both radia-

tions, as the duration of exposure to a given daily dose (and therefore the

total dose) increased, the mean survival time decreased: however, beyond a

given point a further increase of exposure time and total dose produced no

more effect. The lower the daily dose, the more survival time became indepen–

dent of the total dose or of exposure time. The minimum dose or exposure time

required to produce a maximum life–shortening effect could only be approxi-

mated. The shape of the cumulative mortality curves depended systematically

on the particular level of daily dose and on the duration of the exposure,

except possibly at the lowest daily doses. A summary of these data is given

in Figure XII.

175. Mole’s paper [M7] contains, in addition to valuable experimental obser-

vations, a number of interesting points for discussion. Some pertain to the

concepts of reparable and irreparable injury (see paragraphs 18-34). Other

points concern the problem of controlling and assessing biological variability

in long-term experiments and here data are given for a discussion of the secu-

lar changes of the life-span of the controls. Another observation relates to

the presence of discontinuities in the response to chronic irradiation gene-

rated by biologically different modes of death. Data on the effect of acute

versus chronic irradiation were also reported in the mouse by Curtis, Tilley

and Crowley [c19] and are discussed under paragraph 199.

:,,.{
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Figure XII.

Mean survival times of female CBA mice after chronic terminated and
duration-of-life exposures to gamma rays and fast neutrons.

The nominul ueekly doses are: ganrnarays, ● 350R, o 21OR, Q 110 R, V 16R;
fast neutrons, A 16 rad, v 2 rad.

In duration-of-life experiments the mean survival time equals the mean length
of exposure and therefore all points for such exposures must lie on the diago-
nal slope 1, as shown. Vertical bars shou the range of mean survival time in

Various groups of control mice. Data from Mole and Thomas ~M7].

176. In the series by

posed for 8 hours daily

one year) to 0.1 R/hour

Bustad et al. [B17] hybrid (C57BLXI01) mice were ex-

from the age of 6 to the age of 58 weeks (that is for
60

or 0.2 R/hour of Co gamma radiation. The cumulated

total doses were 290 and 48o R, respectively, after which the animals were

taken out of the radiation field and followed for the rest of their life. Al-

though the treatment did produce some small differences in the average pattern

of growth and longevity, in most instances these differences were found to be

small relative to the variability of the normal samples.

177. Grahn, Fry and Lea [G5] also discussed the effect of protraction on

mortality, showing that the risk of death from all and from specific causes

is quite different if compared to acute exposure. Their data on LAFl mice show

that leukaemia death–rate is reduced by a factor of 5 or more daily exposure

levels below 20-30 R/day. Data on all causes of death other than leukaemia show
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also a protraction factor which takes up different values (from 2 to 5) as the

exposure rate decreases from 40 – 50 R/day to 12 or less R/day.

178. Spalding et al. [s28] exposed 13 groups of adult female RF mice to
60C0

gma rays at 2.76 rad/hour until a predetermined dose (from ~~7 to 3.oo8 rad)

had been accumulated. As doses increased, there was no accompanying increase

of life-shortening because any dose had about the same effect, amounting to an

average of 83 days reduction of life. Assuming a linear relationship with dose

in the range O-47 rad, the effect would be about 0.18 days/rad, a value which is

on the low side of those usually found for 1ow-LET radiation (see Table 1).

179. The contribution of Russ and Scott [Rl] on the rat should only be men-

tioned for historical reasons. Boche [Bll] refers to some experiments in

which rabbits received one year of treatment at daily exposures of 0.1, 0.5,

1.0 and 10.O R. Life-shortening was shown in various ways. Similar treat-

ments were also given to a few dogs and when the experiments were conducted

with irradiation for only a fraction of the life-time at dosages below 1 R/day

no effect on survival was noted. This was also true for monkeys.

180. The paper by Fritz et al. [F7] on the beagle ~is an attempt to cla-

60rify time-dose relationships after terminated chronic exposure to Co gma

rays. Four exposure rates (5, 10, 17, 35 R/day) were used and the dogs (354 in

total) were removed and allowed to die of natural death after total exposures

of 600, 1400, 2000 and ~000 R. The experiment is still in progress but the

provisional data are sufficient for a few tentative conclusions, as follows.

‘e ’50
increased from 344 R (258 rad) delivered at 15 R/reinto about 4000 R

(about 3000 rad) at 10 R/day. Over this range of exposures the leading cause

of death was haemopoietic damage. At 5 R/day or lower no definite LD
50

could

be determined: the haemopoietic function continued at a nearly normal rate and

survival was prolonged. The large number of malignancies other than leukaemia

observed ~ong the few anim~s dead Up to the time of the report suggested that

in irradiated animals tumours of the soft tissues would be significantly in-

creased with respect to controls. It is yet too early to see whether a non-

specific component in the life-span-shortening might become apparent. at the

lowest dose-rates.



A. Conclusions

181. On the whole, the modifications of life–shortening induced by changing

the instantaneous dose–rate are rather variable. The conditions examined co–

ver acute, fractionated and chronic irradiation, as well as various types and

energies of the radiations. For single acute doses of low–LET beams, changing

the dose-rate from 0.4 to 40 rad/min did not significantly alter the effect rS211.

When the intensity varied between about 80 and about 150 000 rad/min [L12] the

effectiveness of the treatments differed as a maximum by a factor of 1.6. Thus ,

acute treatments show little dependence on the instantaneous dose-rate down to

0.4 rad/min. At lower dose-rates, down to about 1 rad/day, it becomes difficult

to resolve changes due to the instantaneous dose-rate and those attributable to

dose protraction over a time which allows adaptation of the animal to the treat-

ment. Under conditions implying irradiations for weeks or months, the efficiency

of the treatment with respect to acute doses may drop by a factor of 10 or even

of 25 for extremely low dose-rates and long irradiation times with accumulated

doses involving less than 50 per cent survival of the irradiated animals [U7].

With such extremely protracted irradiations the form of the dose-effect relation-

ship may change with respect to the very acute exposures with resulting lower

effectiveness at lower intensities, but with various reduction factors for dif-

ferent total doses [u7, u8]. ,

182. Examples have been reported where a relatively high loss of effective-

ness was seen at doses of the order of 50 rad or less, while proportionately

lower reduction factors would be applicable at higher doses. Modifications of

the form of the dose-effect relationships are not surprising, since changes of

the damage, repair and repopulation at the various doses would superimpose to

irradiation. All these variables would be expected to change profoundly as a

function of time and dose and therefore the situation operating under a given

set of irradiation conditions would hardly be comparable to that of acute ir-

radiation and could not be interpreted according to the same principles go-

verning the response to an acute insult.

183. In the case of neutrons, changing the instantaneous dose-rate between

8 and 0.2 rad/min does not result in an appreciable 10SS of effectiveness [VI].

The data available at lower dose-rates (25 to 0.004 rad/day) given in protrac-

ted ex~sures [U7, u8~ may be interpreted to show that the reduction of effect

at the low intensities is modest, probably lower than a factor of 1.5. There

may be question as to the significance of changes in the form of the curve



within such a small rnage of variation. There has been experience in changing

the instantaneous dose–rate (from 13 to 1 rad/min) in the course of brief re–

peated exposures at daily or weekly intervals. For daily exposures, a dose-
60

rate dependence of Co gma radiation amourrting to a factor of 2 has been

found, but not for fast neutrons. Weekly fractions with higher doses and with–

in a higher range of dose–rates (1 to 35 rad/min) did, however, show some re-

duction of effectiveness even in the case of neutrons [V3, V4].

184. Thus, the dependence of life-shortening on instantaneous dose-rate is

modest for low-LET radiation and doubtful for neutrons, for treatments lasting

a few hours to a few days. Only when extremely low dose-rates and correspon-

dingly long irradiation times are involved, x- and gamma-rays (but not neutrons)

show consistent reductions of effectiveness, of the order of a factor of 10 or

20. Under these conditions, however, there is no way to discriminate between

the effect of lowering the dose-rate and that of protracting the treatment time,

which implies re-equilibration of the organisms adaptation system.

185. Experiments performed by splitting a given dose into two or more frac-

tions separated by a few hours to a few weeks have repeatedly been performed.

The simplest instance is one where two dose fractions, equally or unequally

divided, are administered within fractionation times of the order of a few

hours to one day. Two experiments with such a scheme [Gl, S27] have yielded

little increase in survival. by the split dose: life-shortening was within

5 - 8 per cent of the single-dose survival time in the first case and the re-

sults were essentially negative in the other.

186. Experiments using two dose fractions in the range of 100 rad or more

total dose for fractionation times of 1 day or longer are more numerous [Ull,

c18, K6, A2]. Fractionation intervals ranged from 2 days to 8 weeks. Splitting

the dose usually produced less life-shortening. In two cases [K6, Ull] a spa-

ring effect of the order of 3 - 20 per cent was reported. In the other two

cases, no effect of dose fractionation [c18] or a negative effect, that is, an

increased life-shortening, was observed [A2]. When fractionation intervals of

progressively longer duration were tested with a given scheme, a tendency to a

longer life-span with increasing interval between doses has sometimes been

found, but the variations observed even for very long fractionation times are

too small to make these observations clearly significant [Gl, A2, S27].



187. It is very difficult to see an overall trend for more complex fractiona-

tion patterns. On different species, treatment schemes involving from 3 to

90 dose fractions administered from 3 days to about 23 weeks have been tested.

Very seldom is the fractionation pattern comparable within each experimental

series, since for the same total dose both the dose per fraction and the total

treatment times are changing. In some cases [S2, A2, A7, H5, Lb, R3] dividing

the dose into smaller and smaller fraction does lead to an increased survival

time following x- or gma-irradiation. So does the increase in the total

treatment time for the same number and size of fractions. But in other cases

[Ml, K6, M20, C18] a paradoxical effect is observed, i.e., and increase of the

life-shortening upon dose fractionation. A changing spectrum of the various

diseases contributing to life–shortening with more leukaemia induced at longer

fractionation times has been invoked to explain the oberservations. The out-

come of a given fractionation treatment depends critically on the characteris–

tics of the biological system as they reflect on the pathology of the animals at

death. It is difficult therefore to give a numerical value to the effect of frac-

tionation except to say that the effect, when present, is not very large and the

biological variables appear in general more important in determining it, than the

actual change in the dose-time relationships induced by dose fractionation.
,;,

188. Four neutron dose fractionation experiments have also been reported on

mice. In the first [Vi] splitting a dose into 3, 4 or 10 fractions in 3, 4

and 12 days did not result in any significant change in the mean after survival.

The second series [V5] involved changing the

for a given weekly dose (6o rad) and a fixed

was similarly negative. In the third series

of neutrons) were given singly or subdivided

number of fractions/week (1,3,6)

time of treatment (13 weeks) and

[A7] fixed doses (8o and 240 rad

into 24 fractions administered

over 23 weeks and such a scheme produced a significant increase of life-shor-

tening. Similar observations were also made in the last series [S44]. It

should again be emphasized that the physical parameters of fractionating the

dose are not prevalent over the changes of the pathological expression of the

damage which largely determine the life-shortening effect.

189. In spite of the absence of a component of wasted radiation that has been

claimed to confowd the analysis, the effects of chronic terminated exposures

reviewed in paragraphs 173-180 are more diffic~t to evaluate than the experi-

ments involving duration-of-life exposure. In principle, for any given type of

radiation, the effect to be expected should lie between the dose effect re–



lationships obtained for high dose-rate acute exposures (see Figures II and III)

and those operating under duration–of–life conditions (see Figure X). However,

the most striking finding in these series is the modification of the dose-effect

relationships taking place at progressively variable dose rates. These modifi-

cations, depending on the characteristics of the species and strains, are the

variables determining the final outcome of any given course of irradiation,

There are not enough data on any single species for analysing such a broad state-

ment into any coherent model of action, particularly since published data have

essentially been obtained on two mouse strains [M7, U7] and other series [S11,

S21, L6] have contributed relatively less information.

190. These data, involving x- and gamma-ray and neutron irradiations were

analysed by Grahn and Sacher [Gl] and their conclusions may be accepted provi-

sionally. Apparently (see Figure XIII) the curve describing life-shortening

as a function of total dose accumulated for doses of 1500 rad or less and/or

for protraction periods of jO days or less shows an abrupt slope transition
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Figure XIII.

Life-shortening as a function.of mean aceumutited dose in RF female mice
given various patterns of exposure (single, chronic terminated,

duration-of-life) to gamma rays and neutrons.

Data f?om Upton et al. lU7~ as plottedby Grahn and Saeher [G7]



from an initial portion where the effectiveness of the treatment is of the order

of 20-30 days of life-shortening per 100 rad to a final slow-rising portion hav-

ing an effectiveness of 4-5 days per 100 rad. This final slope would apply to

all protraction periods, including exposure for the duration-of–life; however,

the point of transition between the fast-rising and the slow–rising segments of

the curve would be clear at 50 to 100 rad/day but less so at intensities of 10

to 15 rad/day. This flattening of response noted by Mole [Ml] and by Sacher [S1]

might be related to the establishment of an equilibrium between radiation injury

and recovery mechanisms, which would be related to the kinetic modifications of

the tissues that are important for long-term survival [S5, L13, L14, L15].

191. It may therefore be expected reasonably that the breaking point or tran-

sition in the dose-effect relationships would also depend on the kinetic cha-

racteristics of the relevant cell lines , which are known to be species-specific.

Such an analysis makes it also quite clear that conditions of protracted exposure

may not be defined with respect to their life-shortening effectiveness by a single

recover constant or residual injury value valid for all conditions of protraction

and all animal species. The neutron data would be such [Gl] that when the tran-

sition from the fast- to the slow-rising portion of the curve is operative, the

RBE would change from 2-3 to 5–15, as a result of the change in life-shortening

effectiveness.

D. RADIATIONS OF DIFFERENT TYPES AND ENERGIES

1. Data

192. The action of different radiations is manifested through a change of

effectiveness for the same amount of energy absorbed by the irradiated animal;

The spatial distribution of the primary physical events that are responsible

for the final biological effect is at the origin of these changes. Radiobio-

logically, the effect of densely-ionizing radiations becomes evident through an

increased efficiency of the dose, by comparison with a sparsely-ionizing radia-

tion. Under well specified irradiation conditions , when a given effect may be

followed for a whole range of doses, the above phenomenon is expressed by the

“Relative Biological Effectiveness” (RBE), a factor specifying the efficiency

of the test treatment against a 1ow-LET treatment assumed as the standard.

Short of these conditions, the higher effectiveness of a densely-ionizing

:1:



radiation may be measured by an “Equal Effectiveness Fta-bio”,a quantity defined

as the ratio of the standard radiation dose to the densely-ionizing radiation

dose producing the same level of effect. The present document will not dis-

cuss the theoretical foundations of these concepts which are reviewed else–

where [K1O, Rb] and are discussed in other annexes of the UNSCEAR report. It

will only consider evidence regarding life–shortening, according to the order

of publication.

193. The early

[G8] and Neary

1958 report of

experiments on neutron RBE by Henshaw rH6], Evans ]E2], Gowen

et al. rN3] will simply be cited. They were analysed by the

the Committee [Ul] which discussed all data in the rodent irra-

diated chronically and summarized them in one graph [M13] (see Figure XIV).

The percentage mean survival time was plotted versus the gamma-ray or the

fast neutron exposure- or dose–rate in R or rad/week. The data appeared to

be superimposable when the gamma- and neutron-scales were in the ratio of 1:13.

From this it could be ’deduced (in spite of some uncertainties in the comparison

of data from different laboratories) that the RBE between fast neutrons and

gamma rays applicable”to life-shortening in the rodent for chronic duration-

of life-exposure was about 13.

194. A study of x rays (250 kVp, 185 rad/min) and of fast neutrons (fission

spectrum, 2.7 x 10 neutrons/cmz/see) was performed in C!FIfemale mice by Curtis

and Gebhard [C17j. In a first series, single doses (474-64I of x rays and 280-

330 rad of neutrons) were used; in another experiment mice received 35 per cent

of the LD50,30 of both radiations once a week for 4 weeks; in a third series

50 ‘er cent ‘f ‘he ‘50/30
was given once every two weeks for 4 weeks. The RBE

for life-shortening was estimated at 1.7 for all series. These results are dif-

ficult to interpret not only for the lack of an increase of RBE with fractiona-

tion, but also for the low RBE value of the acute exposures.

195. When straight lines were fitted to the data of Upton et al. [U5] on LAFl

mice irradiated with gamma rays or fast neutrons from a nuclear explosion, very

similar RBE values of 2.1 and 2.3 were obtained in male and female animals, re-

spectively. Mole and Thomas rM7] estimated the RBE of fission neutrons against

60
Co gamma with the

previously [Nl, N3,

fast neutrons or of

both for terminated

same source of radiation and the same animals as reported

M13] . The life-shortening effects of 16-17 rad/week of

210 and 110 R/week of gma rays were found to be equivalent

and for duration-of-life exposures. For all levels of re-
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Figure XIV.

Mean survival time expressed as percentage of the control survival,
as a function of the Meekly dose or exposure to fast neutrons or qanma ravs.

The ganunaand neutron scales are in the ratio of 1:13.” -
The symbols refer to different sets of data obtained on mice, rats and

guinea-pigs by various authors, as plotted by Mole [M13]
and included in the UNSCEAR 1958 report [lJl].

sponse the neutron data were intermediate between the effects of these two in-

tensities of gamma rays and nearer to those of the 110 R/week. The RBE was

therefore estimated to be between 13 and 7, but nearer to the latter figure.

196. In a subsequent paper by the same group [N8] the RBE value was dis-

cussed for CBA mice irradiated chronically with fast neutrons with the neutron

facilities described in [N3]. The dose–rates of the 0.7 MeV neutrons were 2.2

rad/day or 0.3 rad/day. Gma irradiations were run at 15.8 or 2.3 rad/day.

Complete life–table data and cumulative survival curves were obtained in repli–



cate experiments and several forms of dose-response curves were postulated to

fit the data. RBE values around 10 were found, with a range of estimates be-

tween 8.6 and 15.0, according to the assumptions made. The data were thought

to be inadequate to establish whether or not the RBE depended on the level of

daily exposure.

197. The RBE of thermal column radiation, composed of thermal neutrons and

hard gamma rays, was tested against 250 kVp x rays in experiments by Storer and

Sanders [S17] performed on Swiss white mice. Since the neutron and the x ray

data could be fitted by a common linear non-threshold regression of per cent

life–shortening versus dose, the RBE had a value of unity. In another series,

Storer et al. [s18] exposed CF1 female mice to neutrons or to mixtures of neu-

trons and gma rays from an atomic weapon. The relative effectiveness of the

neutrons was calculated to be 2.6 ~ 0.9. In both series the RBE values for

life-shortening were in close agreement with those obtained for the production

of acute effects.

198. In experiments by Vogel, Frigerio and Jordan (VI] CF1 female mice were

exposed to daily doses of fission neutrons or gma-rays at dose-rates of about

4.4 and 13 rad/min, respectively.
‘t:

Groups of animals were given 13 brief ex-

posures, each corresponding to 2.2 - 70 rad/day of neutrons and 6.5 - 208 rad/

day of gamma rays. The neutron RBE was not increased over the figure of 2.8

previously obtained for acute single doses. Other experiments performed with

13 brief exposures of the two radiations given at 1 rad/min indicated an RBE

for median survival time of 2-3, in fairly good analogy with the figure of

2.8 for the LD
50/30

after single exposures.

199. Curtis, Tilley and Crowley [C19] reviewed the literature data on life-

shortening by acute or chronic irradiation of mice with x rays or neutrons.
.

They concluded that acute gamma doses could be Up to 4 times as effective as

chronic doses, while for neutrons equal efficiencies by acute and chronic ex-

. posures were the most common finding. Accordingly, the neutron RBE of about 2

for life-shortening by acute doses might increase to about 8 for chronic treat-

ments. Chromosome damage in the liver of animals was shown to behave similarly

~d these data were thought to provide some celltiar basis for the differential

action of low. and high-LET radiations. The data on chromosomes were also in-

terpreted to support indirectly the hypothesis that mutations in somatic cells

might be at the origin of natural and radiation-induced aging.



200. Sixteen-weeks-old female CFl mice received 100 rad/week of fission neu-

trons for 4 weeks at dose–rates of 1, 3, 6 and 35 rad/min; or 200 rad/week of
60

Co gma rays at the same dose-rates [v3, v4j. In all groups thymic lymphoma

was the main cause of death and its incidence was not significantly affected by

t“hedose-rate. On the basis of mean survival time or of mortality curves, life-

time was reduced by about 65 per cent by neutrons and by about 50 per cent by

gamma rays. The neutron efficiency was therefore higher than that of the

gamma by more than a factor of 2. The mean survival times of both neutron- and

gamma-irradiated animals were significantly shorter with 35 than with 1 rad/min.

201. Vogel and Jordan [V5, v6] compared the lethality of fission neutrons pro-

duced by a CP-5 reactor to that of
60

Co gamma rays, both radiations being de-

livered at about 1 rad/min. CFI female mice were exposed according to a complex

pattern of fractionation in which 13 weekly doses of 300 rad of gamma rays were

delivered into 1, 3 or 6 equal fractions per week. Since the arbitrary RBE va-

lue chosen was 5, the corresponding total weekly dose of neutrons was 60 rad,

delivered into 1, 3 or 6 fractions per week. The data showed that the postu-

lated RBE of 5 was too hi&.

202. Upton, Randolph and Darden [U1O] reported that with fast neutrons the

life expectancy of RF female mice was shortened,by 0.8 days/rad, irrespective

of dose-rate, whereas the life-shortening efficiency of the gamma rays decreased

from about 0.3 days/rad at ~ rad/min to about 0.15 days/rad at 5 rad/day. The

RBE increased therefore with decreasing dose-rate from about 2.7 to 5.4.

203. In the experiments of Upton, Randolph and Conklin [U7] variable dose-

rates of x and gamma rays (8o - 1 rad/day) and of fast neutrons (11 to 0.004

rad/day) were administered to RF mice. There were also groups treated at about

100 rad/min of both radiations. Gamma rays at the low dose-rates were invari-

ably and consistently less effective tk,an at the high dose-rates. Neutrons, on

the contrary, showed less dependence on the intensity. The RBE evaluated on

the basis of the average life.-shortening effect (days/rad) was about 3 at high

dose-rates and it increased to about 8 for terminated chronic irradiation. When

expo$ure continued until mortality reached about 50 per cent of the mice, a

further increase of the effectiveness to about 14 took place. Without knowledge

of the dose-rate-~E relationships it was impossible to foresee whether higher

RBE’s might be fo~d at even lower dose-rates. Similarly, it was impossible to

Predict any trend at different neutron energies. However, since 5-MeV neutrons



(from a Po-Be source) were essentially as effective as the l-MeV cyclotron-

generated neutrons in spite of the much lower dose-rate (0.000003 - 0.01 rad/

min as opposed to 85 rad/min) it was felt that neutrons of still higher energy

might prove less effective.

204. Clapp et al. [C12] published a large experiment in which the effects of

acute doses of 300 kVp x rays (50 to 400 rad) were compared with those of 60

MeV protons (47 to 372 rad). Irradiation conditions were such that comparable

LET values were obtained. The proton mean LET was in fact estimated to be ap-

proximately 1.5 keV/~ within the animal.?s body. As expected on the basis of

LET considerations, protons were found to be 0.36 times as effective as x rays

for life-shortening and were in general slightly less effective on the basis

of all parameters, excluding the induction of ovarian tumours. Thymic lymphoma,

myeloid leukaemia and ovarian tumours were increased significantly by radiation,

while other alterations in the incidence and severity of diseases were minimal

by comparison with non-irradiated mice. An RBE of 1.0 or slightly less would

thus be applicable for most pathological parameters examined.

205. The experiments of Ainsworth et al. [A7] showed differences in the shape

of the dose-response relationships which were linear with gma rays and convex
:!,

upwards with fission neutrons. The RBE of this latter radiation was therefore

dose-dependent and changed between 2.0 and 2.4 for doses causing between 25 per

cent and 45 per cent of life-shortening. For doses causing 4 per cent life re-

duction the R13Ewas between 6.8 and 7.6. Fractionation of the treatment into

24 doses given over 23 weeks, up to a total dose of 80 rad of neutrons or 838

rad of gma rays, caused an increase of the RBE between 13.5 and 10.5 in male

and female animals, respectively.

206. The RBE of fission neutrons for life-shortening, relative to
137

Cs gamma

rays varied in the experiments of Ullrich and Storer [u8, S44] according to dose

level. In the RFM female mice treated at high dose rates the two-component na-

ture of the gamma-ray relationship produced RBE values increasing for progres-

sively lower doses as the inverse of the square root of the dose in the dose

range below 50 rad. Such a trend would be predicted by the dual radiation ac-

tion theory of Kellerer and Rossi [KIO]. At doses above 50 rad the RBE estimate

(based on the ratio of the slopes of the linear regressions fitted to the gma-

ray and neutron experimental points) was 2.9. This value was similar to that

observed within the same range of doses on the Balb/c mice (3.0).



2. Conclusions

207. Except for a study of thermal column radiation [S17] and another on 60

MeV protons [C12] - for which, as expected, the RBE was found to be near unity –

experience on life-shortening refers only to neutron irradiations. Fission and

degraded-fission spectrum neutrons , weapon and monoenergetic neutrons were used

in the various cases. The only species on which data are available is the mouse,

where inferences may be drawn about the RBE changes as a function of dose frac–

tionation and protraction and, to some extent, as a function of the dose level.

208. For acute doses in the region of a few tens to a few hundred rad of x and

gamma rays (and equivalent doses of neutrons) RBE figures of 2 to 3 have gene-

rally been found [U5, s18, S44]. Direct comparisons of single and brief daily

courses of irradiation were reported by Vogel, Frigerio and Jordan [VI] and by

Vogel and Jordan [V3, V4, V5, v6] at neutron dose rates of between 1 and 35 rad/

rein: under these conditions the RBE is very similar to that applying to acute

single doses (2,8) with maximum oscillations between 2 and 5. These figures

are also similar to those of Upton, Randolph and Darden [U1O] (2.7 to 5.4) ob-

tained by changing the instantaneous dose–rate form 7 rad/min to 5 rad/day, for

total doses of up to 600 rad. The data of Curtis and Gebhard [c8, C17] are in

this respect an exception in that the RBE is similar for single and for frac-

tionated doses and, on the whole, very low (1.7). The evidence reviewed shows

some increase of the RBE upon short fractionation courses and with decreasing

dose-rate down to a few rad of neutrons per day, from figures of 2 – 3 applying

to acute treatments to figures of about 5 - 6. More consistent changes are

found for extremely long courses of irradiation. RBE values of between 9 and

15 were quoted under similar conditions by Neary, Munson and Mole [N3] and

Neary, Hulse and Mole [N8]. These latter are in fair agreement with the figure

of 13 that may be obtained from the 1958 report of the Committee [Ul].

209. For more precise evaluations the data of Upton, Randolph and Conklin [U7]

are of partictiar interest because they examine the RBE changes as a function

of the dose-rate, with a spectrum of dosages between the acute and the long

chronic exposures. The RBE changes in this series from figures of about 3 at

high dose rates to figures of about 8 for protracted exposures or even up to

about 14 for very prolonged treatments. Ainsworth et al, [A71 also reported

differences in the RBE of fission neutrons between 2.0 - 2.4 up to 10 – 15 for

weekly dose fractionation over 23 weeks and total doses a few hundred rad of

gaunnarays and a feu tens of rad of fast neutrons.



.

210. Only the most recent reports allow an analysis of the RBE changes as a

function of dose. Ainsworth et al. [A7] pointed out that the effectiveness of

neutrons increased from values of 2.0 - 2.h at doses causing 25 - 45 per cent

of life reduction to values of 6.8 - 7.6 at doses producing 4 per cent reduc-

tion. Ullrich and Storer [u8, S44] reported that the RBE figures of 2.9 - 3.0

observed for doses about 50 rad would increase for progressively lower doses as

the inverse of the square root of the dose, in accordance with theoretical pre-

dictions [K1O]. There is therefore a tendency of the RBE to increase as the

dose decreases and in both the cases cited this effect is brought about by the

upper convexity of the neutron curve at low doses, rather than by the upper

concavity of the dose relationship applying to the low-LET radiation.

211. From the analysis of the mouse data in Figures II and 111 the RBE values

that would be obtained for acute single doses of neutrons by pooling all avail-

able experience would differ at different doses. The effectiveness of the neu-

tron treatment obtained by dividing the doses of the two radiations producing

50 per cent life-shortening would be 1.2. At 20 per cent of the effect the

corresponding value of the RBE would be 3.2 and it would further increase to

6.6 at 10 per cent of the effect. For doses in the region of 1 rad of neutrons

or less the efficiency would be about 50. These are of course average figures

obtained from the best fit of the data, as specified under paragraphs 90-95.

212. The average ,RBE values applicable to exposures for the duration-of-life

may be obtained from a comparison of the curves as a function of the dose-rate

shown in Figure IX. At 50 per cent life-shortening the neutron dose-rate that

would give the same effect as the x and gamma rays would be about 10 times

smaller than that of the gamma rays; this same value would go to about 17 at

20 per cent of effect and to about 25 at 10 per cent of effect. At dose rates

corresponding to 1 rad/day of low-LET radiation (and proportionately lower neu-

tron intensities) the effectiveness of the neutron treatment would increase to

about 40. Alternatively, the RBE as a function of total accumulated dose might

be calculated from the curves in Figure X. If the assumptions made in para-

graph 148 are utilized to this effect, the relative neutron effectiveness va-

lues applying to 50, 20 and 10 per cent of effect would be, respectively, about

11, about

213. It

dependent

14 and about 16.

may be concluded that the RBE values derived in the mouse by the in-

and comprehensive review of the Committee are in fair agreement with



those that may be derived from the analysis of the single experimental series

discussed in the preceding paragraphs.

3. SPECIFICITY OF LIFE-SHORTENING

214. After the overall quantitative analysis in the preceding paragraphs, the

problem of the specificity or non-specificity of the effect should now be re-

viewed. Such a discussion presupposes the availability of experimental series

with careful pathology of the animals at death or serial sacrifices to investi-

gate the development of the patholo~ of aging. Reported experiments of this

kind are indeed very few and even when patholo~ is reasonable, any direct com-

parison with survival is made impossible by the presentation of the data.

Therefore, the present section will be essentially qualitative. It will in

fact be based on the conclusions of the authors themselves which are often un-

satisfactory owing to inadequate pathology (mostly macroscopic) or to insuffi-

cient statistical analysis. In other cases the conclusions of the experiments

were based by the models of action assumed in the interpretation of the data.

However, in the absence of the original data, no better treatment of the sub-

ject matter is possible.

215. It is commonly reported [Gl+,S19, C12, L9] that correction of the data

for animals dying of leukaemia and of ovarian tumours, which are very common

causes of death in the rodent, does lead to a ~eduction of the large variabi-

lity of the effect between strains and sexes and to a reduction of the life-

shortening efficiency of the radiation treatment. This indicates that at least

part of the reduction of life seen after irradiation must be attributed to

tumour induction.

216. The first large series where pathology was of such a quality to allow

analysis of specific death causes was that of Upton et al. [U5]. The authors

could establish no clear-cut relationship between shortening of life and inci-

dence of t~ours since the dose relationships for t~our induction had vari-

able form, some neoplasms being increased and some decreased with increasing

dose. These data gave impulse to the idea that radiation might cause non-spe–

Cific aging by advancing in time all diseases by about the same degree for

each given dose. However, a“’morerecent reevaluation by Walburg [Wl] with a

statistical method allowing for competing probabilities of death justified the

conclusion that life-shortening, which was clearly apparent when all death

causes were considered together, disappeared when tumours were excluded from

the analysis.



217. Another set of data that was held to support the notion of non-specific

life-span-shortening was that by Lindop and Rotblat [L2]. The main conclusion

of this series was that life-shortening was due to a forward displacement in

time of all causes of death, without any changes in the relative probability of

each cause. It would be of interest to reconsider these

fined statistical test [H2] to assess the reliability of

titularly since the pathology and the statistics of this

ticized [WI]. It should in any case be pointed out that

data with a more re-

the conclusions, par-

experiment were cri-

the authors did recog-

nize differences in the relative time of onset of the various diseases between

control and irradiated animals: one may wonder therefore how these data could

be interpreted, as they were at the time and long thereafter, to support the

existence of a non specific effect of aging.

218. Storer in his 1965 [S20] series noted in the range of between 100 and

500 R of x rays a tendency of the neoplastic diseases to occur earlier in ir-

radiated than in control mice. In the large series of Upton et al. [U7] and

Upton, Randolph and Conklin [U9] microscopic pathology was not performed as a

rule, but the quality”of the macroscopic examination of the animals at death

was quite good. The authors felt that the death of irradiated animals was cha-

racteristically associated with tumoural and degenerative diseases of the old

age, but that neoplastic conditions could not entirely acco~t for the reduction

of life. When some of these data were reassessed by Walburg [Wl] with more re-

fined statistics, the life-shortening in the irradiated mice was negligible when

the tumour deaths were excluded. This indicates that tumours did contribute sub-

stantially to life-shortening! at least in the dose range of”100 to 300 rad of

gma rays. Similarly, Darden et al. [D1] and Walburg [WI] ascribed to thymic

and myeloid leukaemia

diated, respectively,

219. Grahn, Fry and

most of the mortality increase observed in RF mice irra-

with neutrons and with x rays.

Lea [G5] ascribed to excess tumour mortality the life-

shortening observed up to about 400”rad, while at higher doses the decreased

life expect~cy was not accompanied by a parallel increase of tumour incidence.

Maisin et al. [M1O] on Balb/c and C57BL mice attributed life-shortening at doses

belOw the ‘D50/30
essentially to thymic lymphoma and, at higher doses, to glo-

merulosclerosis. Similarly, malignant tumours at the low doses and glomerulo–

sclerosis at high doses were identified by Metalli et al. [M9] as the main cau-

ses of premature death in irradiated mice.



220. In the experiments of Lamson, Billings and Meek (L3] and Lamson, Billings,

Ewell and Bennett [L51 acceleration of tumour appearance and nephrosclerosis

were associated with life-shortening in the rat; and the same was true for the

dog in the series of Andersen and Rosenblatt [A21, according to the author’s

opinion and to the reanalysis of Walburg [Wl].

221. Concerning duration-of-life exposure, the paper by Grahn, Fry and Lea

[G5] contains a comprehensive discussion of the problem of specificity, based

on data from different mouse strains. According to this analysis, the incre-

ment in long-term mortality at exposure rates up to a few R/day is associated

with an increment of the neoplastic deaths which can entirely account (both as

increased incidence and as accelerated appearance) for the relevant reduction

of life. At exposure rates above 6 R/day an excess mortality from non-tumorous

conditions becomes apparent. It should also be added that whatever conclusion

may be drawn up to the present from the Argonne series on the li~e-time irra-

diation of dogs seems to be in agreement with the above conclusion.

222. Thus, the vast majority of data on rodent and non-rodent mmals, irra-

diated with sparsely- and densely-ionizing radiation and with acute or chronic

doses, when properly analysed, appears to be consistent with the following con-

clusions. The life-shortening action observed on animals surviving the acute

effects of irradiation, that is, after low-to-medium doses up to about the

LD
50/30’

may be essentially accounted for by an acceleration or an increased

incidence of neoplastic conditions taking some animals to premature death. From

doses aromd ‘he ‘D50/30
- but progressively more so at higher doses - other

pathological conditions may also advance or accelerate death and among them the

vascular changes leading to organ fibrosis, particularly of the kidney, have

been described on irradiated animals. The hypothesis of a general deleterious

action of radiation formally analogous to aging could, in principle, be enter-

tained and, if so, it could not be disproved. However, if non-specific life-

shortening is viewed as an advancement in time of diseases normally associated

with senescence without apparent changes in the spectrum of these diseases, no

data are found to support such a concept. The notion of non-specific aging,

based only on actuarial analogies and on superficial resemblances between irra-

diated and aging animals, cannot be substantiated by accurate pathology. Par-

ticularly at the low doses and dose rates of interest in radiation protection

there appears to be no need to invoke any general non-specific noxious effect,

because all the experience on animals does not require to postulate any other

effect than tumour induction or acceleration to explain the reduced life ex-

pectancy observed after irradiation.



II. BIOLOGICAL VARIABLES

223. In the following paragraphs (223-289) the biological variables affecting

the life-shortening response to irradiation are reviewed. The data refer to the

genetic constitution of the animal species or strain, which appears to be a major

determinant of the response; to the effects of age at irradiation, both in the

intra- and in the extra-uterine life; and to the differential effect on male and

female animals, because special physiological conditions or the expression of

peculiar diseases in the two sexes may result in a variable amount of life-

shortening induced by a given dose. The effect of partial versus whole-body

irradiation is considered in paragraphs 314-32h with other modifying biological

conditions.

A. GENETIC BACKGROUND

224. Among the genetic variables, the inter-species and intra-species dif-

ferences should be considered separately.
‘:,

In the first case, the objective of

the analysis is to establish a scale of sensitivity with respect to life-shor-

tening between various mmals, analogous to that repeatedly attempted for

short-term survival (for an extensive discussion of these problems in rela-

tion to the acute radiation syndromes, see [B18]. In this connection the pro-

blem of data extrapolation to other species may naturally be discussed. In the

case of intra-species comparisons, the problem is that of analysing the cha-

racter and the amo~t of life-shortening in genetically different strains of

the same species, in order to correlate the degree of radiation effect with

some vital characteristics of the strain, such as longevity, age-specific rate

Of death and spectr~ of spontaneous diseases. These experiments have been

carried out so far in the mouse for the availability of inbred animals in large

numbers and the relative easiness of obtaining crosses of inbred genotypes.

Before discussing long-term effects, it should be recalled that in respect to

early radiation death the susceptibility of inbred strains differs by less

than a factor of two and that resistance to early death is generally associated

with physiological vigour. Also , a short life-span, when it is due to a high

incidence of leukaemia, does not seem to influence the response to the acute

radiation syndrome [V71 while it does, as it will be seen, for the longer-term

survival.



1. Inter-species differences

225. Attempts at

with the objective

inter-species comparisons in relation to life-shortening

of an extrapolation between species snd eventually of a pro-

jection to man, were discussed and proposed repeatedly. An appraoch based on

the actuarial Gompertzian analysis of survival parameters was first put for-

ward as a working hypothesis by Brues and Sacher [Bl]. They envisaged that if

the linear dependence of the log mortality rate on age (see Figure I) might

hold for mammalian species of different life-span, a common origin for the cur-

ves and a time-scaling factor might be chosen in such a way that actuarial functions

belonging to various species might

using empirical constants obtained

sence of any recovery function the

tolerance dose in use at that time

pectation of life by 10 per cent.

be made identical. Calculations of this kind

on mice and dogs indicated that in the ab-

exposure of man to a continuously accumulated

(0.3 R per week) might decrease the human ex-

Even exposure to background radiation could,

in principle, be responsible for about one year of life lost, with respect to a

purely ideal situation where background radiation would not be present.

226. On the basis of experiments already reviewed in paragraphs 103-104 and

of other experiments by Henshaw [HI], Boche [Bll] identified in the parameter

alpha (the excess death-rate/week divided by the exposure level in R/week for

chronic irradiation experiments) the quantity that would be invariant for each

species and might therefore allow inter-species comparison, because it expressed

the susceptibility of that species to chronic radiation insult. Based on the

value of such a constant Boche attributed about equal sensitivity to the rat,

the dog and the mouse, a higher resistance to the rabbit and a higher suscepti-

bility to the monkey.

227. In summarizing the effects of long-continued whole-body irradiation of

mice~ guinea-pigs and rabbits> Lorenz [L71 accepted essenti~ly the radio-

susceptibility scale of Boche [Bll] and discussed the problem of extrapolating

the findings to man. He concluded that man should be considered to be as sen-

sitive as the most sensitive animal found experimentally and on this basis pro-

posed that an acceptable whole-body exposure might be 0.1 R per 8-hour day.

Such an approach was criticized by Mole [M13~ who pointed out that the rela-

tivity of the criterion and the fact that extrapolation from animals to man

required sufficient evidence of the similarity between man and other animals,

to give confidence to the process of filling the gaps in our knowledge of hu-

$,:{



man effects with experience on other mmals. Mole considered that in the ab-

sence of a satisfactory theory, efforts to define a relationship between daily

dose and life-span for survival times of the order of 95 per cent or higher of

the control values would hardly be justifiable. On the other hand, it is only

in this region of effects that extrapolation could be of any interest.

228. In 1955 Sacher [S1] examined the evidence available on seven animal spe-

cies (rabbit, rat, mouse, monkey, dog, burro, guinea-pig) treated with various

acute or chronic doses and deduced for each species a cumulant lethality

function (see paragraph 116) describing the course of injury according to a

given set of reasonable hypotheses. Regarding short-term lethality, the con-

clusion was that the most and least sensitive species investigated differed by

a factor of about ten in the steady-state or plateau values of their cumulant

functions, while intra-species differences were within a factor of four. How-

ever, the evidence available for long-term mortality showed considerably less

species variation.

229. Blair [B4] &d with him the 1958 UNSCEAR report [Ul] by plotting together

rat and mouse life-span-shortening data after acute irradiation and showing

their good agreement on the basis of units of LD
50/30’

implicitly recognized the

existence of some relationship between acute and chronic survival response in

these two species and the close similarity of their susceptibility to the long-

term lethal action of chronic irradiation.

230. Boche’s hypothesis [BII] that a given dose might produce the same pro-

portional life-shortening in different species has represented the basis of

many attempts to derive life-shortening per unit dose in man from laboratory

animal data. ‘Thevalues proposed varied from 1 to 5 days/R [N1]. In NearY’s

model [N1] if the life-shortening/rem is taken to be the same for man as for

the mouse, the absolute life-shortening for the two species would be calculated

at 0.08 day/rem of chronic radiation. Thus , a person accumulating what was at

the time a maximum permissible life-time dose of 200 rem would suffer a life-

shortening of 16 days, instead of the figures of up to one year calculated on

Boche’s [Bll] assumptions.

On the basis of data obtained in the mouse exposed to acute
60

231. Co gsmma

doses (110 to 1200 rad) Spalding, Johnson and McWilliams [S21] attempted some

extrapolateion. They found that if a mouse–to-man relationship of 1 day to



1 month could be assumed, similar conditions of exposure in man might be ex-

pected to cause a reduction of the mean after survival time of 9 to 10 days/rad

of gamma-ray exposure.

232. Grahn and Sacher rGl] based their extrapolations on the linearity of

the log mean after-survival in days as a function of daily dose in rad or R,

for mean after–survival of 25 per cent or more of the control values. This

linear trend of the mean after-survival had been shown previously to hold for

the mouse [S4] (see Figure XV). The coefficient of this regression is a species

constant [G9] and reflects the days of life lost per rad or the fraction lost

per day. It may therefore allow, when two points referring to a given species

are known, to define the slope of the curve applying to that species. The ratio

of the life-shortening coefficients would be in a direct proportion to the ratio

of life expectancies for non-irradiated populations or to the ratio of the age-

specific mortality rate slopes. A radio susceptibility scale could thus be con-

structed for man, dog, guinea-pig and mouse, on the basis of the slopes being in

the ratio of 33:10:3:1 for life expectancies of 16500, 4000, 1400 and 500 days,

respectively. It could therefore be deduced that the relative sensitivity of

the various species (expressed in per Cent life-shortening for exposure of 1 rad)

was approximately the same for all species and in the ratio of: mouse = 1;

guinea-pig = 1.8; dog = 1.25; and man = 1. Similar conclusions were also drawn

by Sacher [S23, S14].

233. Grahn [G6] explored further the problem of inter-species comparisons,

starting from the notion of the exponential decline of mean after-survival with

daily dose, already mentioned repeatedly (see Figure XV). By comparing the vi-

tal statistics of two selected pop~ations of male men and mice, he established

that the ratio of time scale to equate the two populations is 10 mouse days =

~ man year, or 1 mouse day = 36.5 man days, a factor slightly higher than he

Previously used (33:1) [Gl] and much higher than that used by Failla and McClement

(20:1) [F4]. In consideration of these other estimates Grahn selected for his

Calculations a ratio of 1:30 and established that the daily dose to induce a

50 per cent reduction of life expectancy in man wotid be 0.65 R/day, to be com-

pared with a 19.4 R/day in the mouse. Calculations for man and for other spe-

cies showed that the guinea-pig wo~d be a relatively sensitive species in a

framework defined by the mouse, dog and man. It should be pointed out that the

life-span and radiosensitivity values used for these calculations are very much

at variance with those in the 1968 paper by the s~e authors [Gil and therefore

the relative sensitivity scales in the two papers do not correspond.

;,,,,
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23h . Mole [M2]

tween species.

for mamalian species. Data from Grahn and Sacher [Gl]

discussed in general terms the problem of extrapolation be-

He noted that experimental investigations are of value when they

lead to quantitative generalizations that, must include within themselves some

allowance for any species difference. Mole mentioned three possibilities in this

respect: the opacification of the lens of the eye, which may depend inversely



on the body size or on the size of the eyeball; the susceptibility to the induc-

tion of bone tumours , which might be equal in all mammals; and the radiation

sensitivity of mammalian oocytes, which may be inversely related to the metabolic

activity or to the degree of lampbrush configuration of the chromosomes. Gene-

ralizations of such specific biological phenomena, rather than extrapolation of

abstract matters like mortality or life-shortening should be particularly pursued.

He further expanded these concepts [M3] and pointed out that in principle life-

span-shortening may be considered a meaningful parameter if and only when the

spectrum of diseases in different animal populations receiving various doses is

found to be the same. In the absence of this condition, life-shortening becomes

simply a compounded but imprecise way of expressing differences in the incidence

of pathological conditions that might be more adequately expressed otherwise.

235. An inter-species comparison of response in mice [S4, G6] and dogs con-

tinuously exposed to
60

Co gma-rays was reported by Norris, Tyler and Sacher

[N7]. The comparison was carried out in terms of the radiation-specific death-

rate [S14, S29] (see also Figure VIII)

e = (l/tr) - (l/to) (29)

being the difference of the reciprocals of survival times for the exposed and

the control animals. It was found in both species that plotting the log of the

radiation-specific death-rate against the log of the dose-rate (rad/day) gave

rise to a dose-response with a slope of 2, indicating that the death-rate in-

creased with the square of the dose-rate (Figure XVI). The phenomenon was seen

over the whole range of dose rates in which damage to the haemopoietic tissues is

the primary cause of death, that is above 20 rad/day in the mouse. At lower

dose rates in this species the slope change to 1, indicating that injury was

only a function of the total dose accumtiated and independent of the rate at

which it was given. Data available in the dog would suggest a simiiar inflec-

tion taking place below 3.5 rad/day, but this suggestion will have to be proven

by appropriate experimentation. The only point available for dogs below 1 rad/

day [c16] lies quite close to the curve for the mouse sensitivity of the two

species at the level where injury becomes independent of dose–rate.

236. Grahn, Sacher, Lea et al. [G16] returned again to the problem of extra-

polation from mouse to man cn the assumptions [G6] that: (a) the Gompertz

slopes for mouse and man are in the inverse ratio of their susceptibi?~ity;

(b) the previously-mentioned ratio of 30:1 for mouse : man applies; and
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A comparison of radiation-specific death rate in dogs and mice
under duration-of-lifeexposure, as a function of the daily &se-rate in rad.

Data from Norris et al. [IV’].

(c) the ratio of slopes or the slope displacement has an identical relationship

to the reduction of life expectancy in both species. They thus calculated that

250 rad (i.e. 5 rem/year which is the present limit of dose equivalent for wor-

kers x 50 years of working life) given chronically over a very long time wotid

produce 15 days of life-shortening for an average 100 day-old mouse and about

15 months for

237. At the

the average 20 years-old man.

same time Sacher, Tyler and Trucco [S50] extended their observa-

tions to 15 species of mmals from the orders of Carnivora, Arctiodactyla and

Rodentia, exposed for the duration of life to gma rays. The survival data

analysed in terms of the radiation-specific death rate showed that all species

(with the exception of the black rat) had a “death rate to dose-rate” relation

where the death-rate increased as the square of the dose-rate l~pto a break

point above which death-rate increased linearly with dose-rate. A log-log

plot of the coordinates of the breaking points showed a linear relationship,

indicating that the species variation to chronic irradiation is due to a sin-



gle parsmeter. A mathematical model based on the induction of cytogenetic da-

mage was compatible with the findings and suggested that species susceptibility

to continuous exposure could be related to an accumulation time for damage

leading to chromosome breaks. At this level of analysis the actuarial para-

meters could be linked with the study of molecular lesions as discussed under

paragraphs 54-55, although filling the gap between the two approaches requires

clearly much confirmatory work.

2. Intra-species differences

238. The oldest contribution to the problem of strain differences in the re-

sponse of mice to long-term radiation effects is that of Gowen [G8]. He studied

two strains, the S mouse with a medium longevity and the Ba mouse with a long

life-span. Upon irradiation in the course of a nuclear test (30 - 36o rep ex-

posures) the S mouse were shown to be considerably more resistent than the

Ba ones and this pattern of response was similar to that observed after 98 kVp

x-irradiation (exposures of 20 - 960 R). There were no good pathological ob–

servations reported, and it was argued that the resistance of the S strain to

Salmonella might at least partly account for the differences observed, although

the full basis of the radioresistance of these mice was thought to be more

complex.

239. Grahn [GIO] reported on the chronic lethality of five mouse strains:

Balb/c, A/Jax, A/He, C3H1/He and C57BL/6. The survivors of single 200 kVp x-

ray acute exposures (400 to about 700 R) were kept for analysis of late effects.

Weighted regression lines of life-shortening on dose showed no significant

differences between the strains in either sex, although females were more sen-

sitive per unit dose. There was no correlation between life–span reduction

and control life expectancy, although such a relationship could be shown in re-
60

spect to LD
50/30”

In a second series daily Co gma exposures were tested at

eleven exposure levels between 220 R/day and 6 R/day, covering the full range

from acute to chronic responses. Partial data from crosses of Balb/c x C51’131J/6

were also included. Preliminary data showed strain differences at all expo-

sure levels; survival times were quite variable between strains but closely re-

flected genetic differences in control survival. The greatest life-shortening

effect was seen in strains with a high incidence of leukaemia.



24o. A more refined analysis of the above data [G4] allowed the conclusion

that all genotypes exhibited a radiation induced life-shortening effect de-

pending on a single common primary injury parameter. For acute single-dose

exposures the parameter could be expressed by the number of days of life lost/

unit dose, equalling 0.28 days/R. This parameter could be combined with others

to give equations predicting the life-shortening for any combination of normal

life expectancy, dose, incidence of neoplastic conditions. After correction

for leukaemia and ovarian tumour induction, life-shortening for both sexes fol-

lowing exposure to 570 R was 111 days and exposure to the same LD
50/30

caused

a constant proportion of life lost amounting to 19 per cent. In duration-of-

life experiments mean survival time and mean accumulated dose varied directly

with control survival and therefore at each exposure-rate strains having dif-

ferent control survival lost the same proportion of their life expectancy.

With a few exceptions, the mean accumulated dose and the acute LD
50/30 ‘ere

shown to be correlated to each other in that each had a common relationship to

the normal life-span.

241. Gowen and Stadler [Gil] published also a large series of experiments

where ten different mouse strains (four pairs for each genotype) were ini-

tially exposed from mating to death to 60
Co gamma-irradiation (0.6 to 2.7 R/

day) for 22 hours/day. The design and the analysis of this research, although

involving irradiation for the duration-of-life , was centered more on the capa-

city of irradiation to stop the reproductive functions of these mice, than to

shorten their life-span.

242. Other analysis by the Argonne group [S5, G9] contain comparisons of the
60relative life-shortening effect of Co irradiation to death in genetically dif-

ferent mouse strains and indicate the constancy of the slope of the relationship

expressing the log mean after-survival against exposure-rate. The linearity of

this relationship over the exposure rate range between zero and 56 R/day was es-

tablished for BCF1, C!57BL/6, Balb/c and A/Jax male and female mice [S5], thus

confirming previous findings with the LAFl mouse [S4]. The control sUrViVal of

the male and fem~e mice of the four genotypes cited (8 groups in total) ranged

from 466 to 796 days and these differences in life-span curves were nearly pa-

rallel and were displaced from one another by the same amount of displacement

of the control survival times.



2h3. The problem of the genotype relationship to long-term survival has also

been considered by Holland and Mitchell [H1O] who irradiated (300 R, 300 kVp

x rays) four strains of male and female inbred mice (C3Hf/Wg, C57BL/6, ~/Un,

Balb/c), C3CFI and B6FRMF1 hybrids and a cross between these two hybrids,

C3CB6RFM. Females were shown to be, in general, more sensitive than males by

a factor of 1.5. Within the same sex, substantial differences in sensitivity

were also shown among strains. Since these differences correlated well with

the weight of the animals, it was suggested that the variation in susceptibi-

lity to life-shortening might be at least partially accounted for by geneti-

cally-determined differences in the maturation rates of the various genotypes.

In fact, during growth the weight of the animals

maturation rate rather than of the general state

it is during adulthood.

244. After fission neutron irradiation at both

may be an expression of the

of health of the animals, as

high (25 rad/min) or low (1

rad/day) dose-rate no appreciable difference in life-shortening was found be-

tween RFM or Balb/c female mice in the experiments of Ullrich and Storer [u8].

In another report by Spalding et al. [S22] experiments in progress were re-

ported on RF/J and C57BL/6J mice, whose results will be added to the present

document as soon as they will become available.

245. Very often in

ferential effects in

separately all these

B. SEX AND BODY WEIGHT

the course of the papers reviewed mention is made of dif-

the two sexes for various strains of animals. To review

observations would probably be unnecessary since in many

cases they are incidental and not particularly relevant to the main physical

or biological variable discussed in each specific paper. In the following

paragraphs (246-254) only those papers are reviewed where such effects were

particularly well substantiated and discussed. Emphasis will be given to con-

tributions where pathological observations were performed, in an effort to as-

cribe the differential effects to diseases or conditions affecting preferen-

tially one of the sexes.

1. Sex

246. In the experiments of Neary, Munson and Mole [N3] (see paragraphs 111-112)

the mean survival time of’the female animals was significantly greater at the

:,



5 per cent level than that of the males. When only the mean survival times

between 30 per cent and 100 per cent mortality were considered in order to ex-

clude early mortality, this sex difference remained evident.

247. Sex differences in Balb/c, A/Jax, A/He, C3Hf/He and C57BL/6 mice were

evident when data for fem~e or for male animals of all strains were pooled to-

gether as a function of dose and fitted by linear regressions: the reduction of

mean after survival for a given dose increment was about twice in female than

in male animals [G1O]. Ovarian disjunction resulting in ovarian tumour forma-

tion was suggested as the possible cause of this difference. Grahn and Sacher

[G3] also showed a greater sensitivity of the females with respect to chronic

life-shortening injury. With x rays of three different energies the reduction

of life-span averaged in animals surviving the LD
50/30

about 37 per cent in the

female and 29 per cent in the male sex. Female mice were uniformly more sensi-

tive than males when irradiated with gamma rays or fast neutrons [U5]. This

was again attributed to the induction of tumours of the ovary or to hormonal

disturbances. However, the RBE for neutrons against gamma rays was not signi-

ficantly different between the two sexes.

248. After single-dose irradiation of one hybrid and five inbred strains

of mice (200 kVp x rays, doses between 0.85 and 1.15 times the LD~o,30) strain

differences within sex were not significant. The two sexes had, however, sig-

nificantly different responses averaging for the males 0.28 days lost/R and for

the females 0.81 days/R (all strains pooled). Difference tended to disappear

when corrections were introduced for animals dying of leukaemia and of ovarian

tumours. Life-shortening in all strains after an acute treatment about the

‘50/30
seemed to be characterized by a single parameter applicable to all strains

and sexes and expressed as a constant number, 28 days of life lost/10() R. Com-

bination of this primary injury term with other secondary parameters could pro-

vide equations predicting the final long-term effect for any combination of nor-

mal life expectancy, leukaemia incidence , ovarian tumour incidence and dose [G4].

249. In the experiments of Lindop and Rotblat [LI] the shapes of the survival

curves were similar for males and females SAS/4 mice but showed small consistent

differences in favour of a higher resistance for males. These differences were

not such, however, to warrant a separate analysis of the life-shortening effect

in the two sexes. Moos FM14~ also reported no difference in longevity response

.:



with respect to the sex of irradiated animals (mice, CFW strain, 40-50 or 140-

150 days of age) in the interval of daily dosage between 2 and 256 R/day of 400

kV x rays.

250. In the series by Kohn and Guttman [K6] (see also paragraphs 263-264) the

animal’s sex was shown to be an important factor for life-span-shortening in

CAFI mice. During much of the adult life the female animals reacted to doses

below 250 rad, although the slope of the female dose-effect relationship be-

tween 250 and 400 rad was less than that of the males. Late in life the females

became less sensitive than the males. Here again, changes in the endocrine ba-

lance were reputed to be at the origin of such phenomena, in the sense that the

fema.lets changes in sensitivity might be a manifestation of the increase and

fall of ovarian endocrine function. Such a hypothesis would be in accordance

with the fact that continuous low-level treatment with estrogen hormone in-

creased the age-specific mortality rate of the Balb/c female mouse after x-ir-

radiation [K13]. It is of interest that in the CAFI strain the reduction of

life-span was not correlated with the induction of ovarian tumours, which were

actually depressed and not enhanced at the doses used.

251. Sacher and Grahn [S4] showed that LAFl female mice after life-time ir-

radiation were slightly more sensitive than males in the 5-10 days period of

survival but became consistently more sensitive in the 17-40 day period. In

the mice surviving during the periods of 1O-15 and of 40-130 days the difference

between sexes was either much smaller or non-existent; at survival times in ex-

cess of 130 days females accufiated consistently higher doses than males. In

the large experiments of Upton, Randolph and Conklin [U7] on RF/Un mice no

obvious effect of sex can be traced from the data. Protraction factors in male

animals irradiated with gamma rays at low dose rates appeared to be in the same

direction as in female animals but considerably more pronounced. Consequently,

RBE data were different in the two sexes.

252. Sex differences in A/J strain in regard to radiation-induced life-shor-

tening (x rays, single exposures, 150 - 600 R) were also seen by Storer [S30].

At exposures of 600 R the female animals lost nearly four times as many days of

life as did the male mice. Qualitatively similar results in male and female

mice were observed in the experiments of Ainsworth et al. [A7] and the apparent

quantitative differences in response after single and fractionated gamma-ray

,{.,



and fast-neutron experiments could not be attributed with certainty to dif-

ferences in body size (and therefore absorbed doses), to hormonal unbalance re-

sulting from damage to the ovaries or to differences in the spontaneous or in-

duced tumour incidence.

253. Holland and Mitchell [H1O] studied life-shortening (300 R of 300 kVp

x rays) on four inbred male and female mouse strains (C3H, Balb/c, RFM,

C57BL/6), on two hybrid strains (C3CFI and B6RFMF1) and a four-way cross be-

tween both F, hybrids, C3CB6RFM. At the time of irradiation the mice were

5-6 weeks of age. In all strains and crosses a significant life-shortening

effect was observed. Females were about 1.5 times more sensitive than males

of the same strain and these data suggested a general and constant effect of

sex under all conditions. Unfortunately, the data on the various modes of

death are not yet available for a more complete interpretation of these ob-

servations. A higher sensitivity of RPM female mice accounted for by a rapid

rise of life-shortening over the dose range of O - 50 rad was also reported by

Storer et al. [s44].

254. In experiments by Moskalev, Petrovich and Streltsova [M22] performed

on rats treated with fast neutrons (8.5 - 510 rad) or 500 MeV protons (28 -
!:

1008 rad) observations on life-shortening were also reported. The average life

expectancy of rats irradiated with the fast neutron beam did not depend on the

animal’s sex. The data by Rust et al. [R2] on the guinea-pi& showed that the

females were more responsive to life-shortening by chronic gamma-ray exposure.

This differential effect could not be correlated with the induction of tumours

of the female generative organs.

2. Body weight

.
255. Body weight as a variable affecting long-term animal survival was inves-

tigated by Holland and Mitchell [H1O]. Within the same sex, there were substan-

tial differences in sensitivity among the strains tested and these differences

were highly correlated with body weight at 6 weeks of age, the heavier animals

being less resistant to radiation i.e. showing a higher degree of life-shorte-

ning. Previous analysis of body weight versus radiation resistance based on

early effects and on mature animal had given opposite results [Ql, G12, R5] in

that, within the same strain, adult animals with a higher body weight were

shown to be more resistant. However, in adult animals body weight is thought



to reflect the general state of health and fitness and it is conceivable that

the heavier (i.e., the healthier) animals, might be more resistant to a given

radiation insult. If the comparison is among different strains and on maturing

animals, given a more or less uniform state of health, the data of Holland and

Mitchell [H?O] would be compatible with the hypothesis that body weight might

be a measure of the rate of maturation and it would not be inconceivable under

these conditions that body weight could be a parameter better correlated with

radiation resistance than chronological age. It could also be further sug-

gested, as the authors do, that some of the strain-specific differences in ra-

diation sensitivity already discussed in paragraphs 238-244 might be due to

differences in the rate of maturation of the various strains or to other non-

specified processes which are in turn highly correlated with maturation rate.

c. AGE AT IRRADIATION

1. Irradiation in utero

256. The available data on shortening induced by in utero irradiation will.—

first be examined. According to Nash and Gowen [N9] who evaluated in multi-

factorial experiments the life-spans of 647 mice irradiated in utero with ex-——

posures of 20 - 320 R at four different gestational ages, the reduction in

longevity induced by the radiation treatment depends on the genetic constitu-

tion and sex, as well as on the dose and on the gestational age at irradiation.

[R61 followed the long-term survival of mice irradiatedRugh, Duhamel et al. .

with mid-lethal in utero doses at O to 5 days post-conception (p.c.) and found——

no modification of the life-span in animals that survived later than 30 days

post-partum. This observation would indicate that after the neonatal period

there is little permanent damage of the in utero irradiation.——

25’7. Non-inbred male and female RF mice were exposed to x-irradiation in—

utero at ages ranging from 9.5 days p.c. to 1 year of extra-uterine age. Shor-

tening of life-span by doses of 50 - 400 R was more effective per unit dose at

the higher dose levels of 300 - 400 R and in age groups of 40-70 days of age.

For exposure in utero life-shortening was consistently less marked than for——

exposure after birth, but irradiation with high doses in utero (300 R at 14.5——

days p.c.) gave rise to grotih and developmental effects in a very high per-

centage of the animals (particularly males) which took them to death in 6 to

7 months for causes which were not clear: signs suggestive of a polyarteritis



were noted but these signs appeared too mild to have contributed to death and

were also seen in females that had no effect on life-span. The relatively low

susceptibility of fet~ mice to life-shortening was unexpected and could not

be explained [U12].

258. Friedberg et al. [F8] tested the effect of fast neutrons (15 rad) on

mouse embryos in the pronuclear-zigote stage for their ability to shorten the

life-span or to induce tumours in animals surviving at least 30 days after

birth. NO differences were found between irradiated and control animals of the

same sex for the following end-points: mean ages at death, cumulative morta-

lity distributions and incidence of the principal neoplastic diseases.

259. Sasaki et al. [S49] observed a significant shortening of life in mice

irradiated at 16-18 days p.c. with 200 R of x rays. Mean life-span was re-

duced by about 13-16 per cent. Slight changes of the tumour spectrum were ob-

served, with no excess of Qcmpho-reticdar tissue tumours. Female mice had a

higher incidence of lung and pituitary tumours, while a prevalence of lung and

liver tumours was fo&d in males.

260. In the rat there are data by Reincke et al. [R7]. In her experiments

Wistar animaJ.swere administered a single whole-body x-ray exposure of 270 R

at 5 days before birth and at 13, 49 and 121 days after birth. Among other ob-

servations, life expectancy was reduced by about 3 to 6 months and this re-

duction was not influenced apparently by the age at exposure. In a subsequent

paper Reincke et al. [R8] reported that 220 R 5 days before birth resulted in

a long-term survival not significantly different from controls.

261. Sikov, Resta and Lofstrom [S31] studied the long-term mortality of rats

surviving at the time of weaning exposures of 20 or 1O()R at 10 days p.c. and

of 50 or 185 R at 15 days p.c. life-span reduction appeared to be greater in fe-

males than in males where the effects observed were of doubtful significance.

An interesting observation was that the LD
50/30

of an irradiation performed at

100 days of age decreased as,a linear function of the dose of a previous ir-

radiation carried out in the pre-natal period at all developmental ages. In the

opinion of the autho?s such a linear dependence wotid imply a general decrement

of fitness as a restit of pre-natal exposure.



2. Irradiation during the extra-uterine life

262. Experiments where the effect of the extra-uterine age has been examined

as a biological variable affecting radiation–induced life-span-shortening are

fairly numerous and cover a variety of different species, strains and condi-

tions of irradiation.

263.

man

CAF1

sure

sing;

Kallman and Kohn [K7], Kohn, Kallman and Berdijs [Kl] and Kohn and Gutt-

K6, K14] studied the life-shortening response of x rays of male and female

mice, with special regard to the influence of age at irradiation. Expo-

conditions were: 250 kVp x rays at a dose-rate of 40 - 45 rad/min with two

e doses of 260 or 520 rad and a fractionated dose of 260 x 2 rad given 8

days apart. Mice were irradiated when youmg (144 and 164 days of age) or old

(385, 550 and 730 days) and followed with detailed patholo~ at death. The age

interval covered in the mouse would correspond in man to a range of ages be-

tween 18 and 65 years. The last publication of Kohn and Guttman [K6] gives an

account of the whole set of data, including a reanalysis of other previous data

obtained on Balb/c mice irradiated at 5 months, 1.2 or 1.4 years of age. In ge-

neral, some reduction of the life-span was observed, although in some cases evi-

dence of life-shortening was small or even absent.

264. Old adult mice tended to show less life-shortening than young ones, al–

though the difference was not the same in all strains used owing to genetic dif-

ferences. During much of the adult life the female animals were more sensitive

to doses below 250 rad. Later in life, however, the females, at least in the

CAFI strain, became less sensitive than the males. The life-shortening in older

animals was not associated (as in younger ones) with an increased induction of

neoplasia, but rather with a decrease. In the CAFI mice irradiation tended in

fact to reduce the number of animals dying with tumours and the tumour-bearing

animals lived as long or longer than the non-tumorous ones. Aging (both pre-

mature or accelerated) was as such an inadequate explanation for these data

because the irradiated animals appeared to age abnormally and usually, but not

necessarily, died sooner than controls, the effect depending on age at exposure,

sex and dose [K6].

265. Boone et al. [B19, B20] on CFI female mice at ages from 1 day to 18 months

reported changes in life-shortening as a function of age at exposure. More pre-

cisely, after 400 rad of x rays life-shortening amounted to 40 per cent of con-



trols in the age interval from 1 day to 3 months; it was then gradually decrea-

sed to 32, 14 and T per cent of controls at 6, 12 and 18 months of age, respec-

tively. Thus, while the acute response to radiation appeared to increase, the

life-shortening response decreased as a function of age. This effect cannot be

traced to the incidence of leukeamia or of ovarian tumours which were evaluated

separately in these experiments. In other strains the situation may, however,

be different. In the C57BL mouse, for example, age is a factor which alters the

sensitivity to lymphoma induction. Kaplan [K15] showed in fact on animals at

2 weeks and at 1, 2, 3 and 4 months of age that lymphoma incidence is higher and

the appearance time earlier at the young ages than at the older ones.

266. Upton, Kimball, Furth et al. [U5] considered in detail the variable “age

at exposure” in relation to the life-shortening effects in both sexes on 9-12

week old mice. No differences were found of any significance for either sex and

this observation was at variance with what was seen in the same animals in re-

gard to early mortality, which was highest among young animals. Moos [M14] was

also unable to find differences between the longevity of young (40-50 days) or

old (140-150 days) mice within the daily range of doses of 8 to 128 R/day. How-

ever, such differences were seen at exposure rates of 2, 4 and 256 R/day, and the ,,,,.

old mice were less resistant under these conditions. The greater variability of

the radiation response in the young mice and the increased frequency of natural

death in the older animals could account for the observed differences.

267. In a series conducted on about four thousand RF/J female mice Storer [S19]

examined the age-dependent changes in radiation sensitivity in normal and pre-

viously-irradiated animals. He obtained life-table data on all these mice, about

one half of which received at the age of 90 days 400 rad of 250 kVp x rays. The

rate of mortality from all causes in the irradiated mice showed marked departures

from the Gompertz equation and this dose of radiation shortened the median life-

span to 63 per cent of the control animals. Mortality rates for all causes other

than leukaemia gave reasonably good Gompertz fits to the control and irradiated

populations: life-shortening amounted to 24 days/100 R under the assumption of

linearity between dose and effect. No latent period was found between exposure

and the time when the mortality increase became detectable. The mortality rate

of irradiated mice was at all times higher than in control animals. The LD
50/30

of the control and irradiated mice tested between 120 and 560 days of age de-

clined linearly with age without effect attributable to the previous 40()R eX-

posure. The mean after-survival following exposure to 100 R/day also declined



with age in a complex manner, irradiated animals being generally more sensitive

than controls. Finally, recovery rate tested by split exposures was found to

decline sharply with age: the rates estimated in previously-irradiated animals

were much lower than those in non-irradiated animals of the same age. From all

these data Storer [S19] concluded that the tests applied were in fact measuring

the damage inflicted to different cellular systems each of which aged at a dif-

ferent rate, in contrast with the notion of a non-specific life-shortenining

action.

268. Lindop and Rotblat [L12] made a systematic study of the age factor giving

small single sublethal exposures of MeV x rays to SAS/4 mice. They found that

radiation given at 4 weeks of age produced an effect that was linear with dose

in the range of 50 - 780 R. The life-shortening produced by 100 R was about 4

weeks for mice irradiated at the age of 1 week; it increased to about 6 weeks

for 5 weeks-old-animals and then decreased steadily to a minimum of approximately

2 weeks for animals irradiated when 70-90 weeks old. A given reduction in

life-time in old ~imds represents a much greater loss of the life to live than

the same reduction produced at a young age. When the effect was expressed as a

precentage of the remaining life-span the increase in response at 5 weeks of age

was still evident, followed by oscillations of the response between a maximum of

6 per cent and a minimum of 3 per cent reduction of the remaining life-span.

269. In a subsequent paper [L16] life-shortening was studied as a function both

of the age and of the oxygenation conditions of the animals. For animals breath-

ing air, assuming linearity of response at all ages, the life-shortening effect

at 1 day and at 1, 4 8 and 30 weeks of age was found to decrease as a function

of age from 7.6 to 2.7 weeks/100 R. Under hypoxic conditions a considerable re–

duction of the life-shortening effect was found at all doses, amounting to a

factor of three for mice irradiated at 8 and 30 weeks of age. However, when the

mice were irradiated at 1 day or at 1 week of age hypoxia changed the linearity

of the dose-response relationship to a convex upward curve, such that the pro-

tection afforded by hypoxia at low doses was large but at high doses small. The

authors cotid not suggest a firm interpretation for such findings.

J::

270. Johnson [J2] set up a simulated experiment where he computed the life-

shortening as a function of age at irradiation utilizing parameters and life-

f~ctions taken from Sacher’s [S2] analysis of the LAFl male mice exposed to

fission neutrons and gma rays in the Greenhouse experiments [U5, F2]. Irra-



diation was simulated by a displacement of the Gompertz function on the time

axis. Johnson was thus able to show that a decrease in the life-shortening ef-

fect with increasing age was a necessary consequence of the hypothesis that

ionizing radiation accelerates certain of the processes that characterize na-

tural aging. The relationship of life-shortening to age at irradiation varies

however according to the actual form of the Gompertz function.

271. Age-dependent changes in the response to radiation (250 kVp x rays) were

also observed in other experiments by Cosgrove et al. [C20] where IJIFlmice were

given 300 to ‘1200R whole-body or partial-body when 10 weeks or 1 year old. At

any given exposure level, a higher incidence of glomerulosclerosis was observed

in animals irradiated at the younger age, presumably because the older animals

did not survive long enough to develop as high am incidence of the diseases.

Longevity was also reduced and the incidence of ovarian tumours increased in

the young but not in the old irradiated animals.

272. Some data by Storer [S20] in mice are of’interest to the problem under

discussion. BDFI fe’males,when three months old, were exposed at doses of O,

100, 300, 500 R of 250 kVp x rays. Median survival time was found to be re-

duced linearly with dose and the slope of the linear non-threshold regression

function amounted to a life-span reduction of 45 days/100 R. The changes in

radiation response with advancing age and for various radiation doses were

evaluated in two ways: beginning at various ages, samples of previously-irra-

diated surviving animals were tested for their ability to survive successive

daily exposure of 100 R; or, alternatively, they were tested for their LD
50”

273. Thirty-four samples of previously-exposed animals were tested at ages

ranging from 120 to 960 days with 100 R/day and resistance was assessed as mean

survival time after initiation of this treatment. Resistance was found to fol-

low a long plateau (the duration of which was dose-dependent) and to decline

sharply at advanced ages. Pre-irradiated animals were less resistant than non-

irradiated control mice of the same age and showed an earlier onset in the

decline of resistance. Since the variability in radiation resistance increased..

with age and the differences in sensitivity between irradiated groups were re-

duced when the relevant comparisons were conducted at equal levels of mortality,

Storer [S20] concluded that the challenge treatment was not actually measuring

a phenomenon intrinsic to the aging process but was more simply an estimate of



the incidence of diseases in the population examined. ‘imilarly’ ‘he ‘D50/30

test showed that resistance followed the same dependence on age as after the

protracted exposure test. The conclusion was that the earlier onset in the

decline of resistance of the more heavily exposed animals was in fact corre-

lated with the earlier onset of morbility in

274. In addition to presenting data on CBA

radiation (450 rad of 250 kVp x rays at four

these groups.

female mice given acute doses of

ages from 100 to 670 days), Mole

[M2] pointed out some difficulties in the analysis of such data. If the mean

after-survival time is taken as the criterion of effect, then it is clear that

the radiosensitivity of the animals decreases with age. But if it is assumed

that the radiation-induced mortality is not independent of the mortality of the

non-irradiated animals and the Abbott’s correction is used to derive the net

radiation-induced life-shortening, then the curves of cumulative mortality

show little difference with age. Mole refers also to similar unpublished data

obtained with protracted exposures to gamma rays and fission neutrons. Such

observations might imply that the life-shortening process proceeds independently

of natural aging and thus’the two phenomena are not correlated. However, in

the absence of further information about natural aging itself, it should simply

be realized how opposing conclusions might be reached by different analyses of

the same experimental data.

275. In experiments by Yuhas [Y3] the sensitivity was studied of 4 to 24

months old C57BL/6J female mice to the life-shortening effects of 1400 R of

300 kVp x rays. Radiation was given in 10 equal fractions within 12 days. In

the 4 months old smimals the resulting life-shortening amounted to 148 days

but in older animals the same dose was considerably less efficient: in fact,

life-shortening mounted to only 30 days at 9 months and at the three oldest

ages (15, 18 and 24 months) there was actually a lenghtening of life of the

order of 53 to 65 days.

276. The decreasing response with increasing age

data by Lindop and Rotblat [L12], Kohn and Guttman

confirmed previously reported

[K6], Jones and Kimeldorf

[J3]. The data also confirmed the life-lenghtening in mice irradiated at very

old ages. The compatibility of these findings was tested in relation to five

different hypothesis. ‘I’hedata could not be accounted for in terms of insuf-

ficient time for expression of injury; or of the identity of normal and



radiation-induced senescence; or of selective changes in the population of mice

induced by early mortality; or by normal “attrition”. They were instead con-

sistent with the hypotheses that with advancing age the sensitivity to the in-

duction of certain diseases decreases, irrespective of the time required for

their expression; or, alternatively that radiation given in old age might have

a therapeutic effect on some neoplastic growths in these animals.

277. Ainswoz%h et al. [A7] examined the problem of age-sensitivity in B6CF1

male mice after single doses of 80 rad of fast neutrons or 269 rad of gma

rays. The mice were 115, 194 or 278 days old at the time of exposure. Irre-

spective of whether life-shortening was expressed as a per cent reduction of

the after-expectation of life or as per cent life-shortening, there was some

sparing of ef~ect with age and this was shown to be greater after gamma than

after neutron irradiation. The contribution of this change in sensitivity to

the sparing effect of fractionation during a long course of treatment would

thus be proportionately greater with low- than with high-LET radiation.

278. A very comprehensive experiment is presently in progress at the Los Ala-

mos Scientific Laboratory to study the late effects of whole-body gamma-irra–

diation on c57BL/6J and RF/J mice.
;:?

Genetic background, dose, dose-rate and age

at irradiation are the main variables under investigation. For what concerns

the effect of age, newborn, 2, 6, and 15 months old animals are being treated.

A preliminary report covering the influence of genetic background has already

been made available [S22] and the next draft of the present report will include

other new data as they will appear.

279. The data available for another mammalian species, the rat, are similar

to those just discussed for the mouse and show a dependence of life-shortening

on the age of irradiated animals. Jones and Kimeldorf [J3] treated male Sprague-

Dawley rats with about 220 rad of fast neutrons obtained by the Be (p,n) B re-

action. They belonged to 5 different age groups of 1, 3, 10, 15 and 21 months.

Survival rate and life expectancy were decreased and the age-specific death

rate was increased by comparison with sham-irradiated littermate controls.

The magnitude fo these effects was inversely related to age at exposure from

post-infancy up to middle age (10 months). At even older ages there was no

discernible change in life-span with respect to control rats. In the opinion

of the authors these data would be compatible with Neary’s theory [Nl~ postu-



lating an induction period in life which may be shortened by various treatments

and an ensuring period of development, which would be relatively constant in

duration. In the male Sprague-Dawley rat the period of development would begin

in the age range of 10 to 15 months.

280. In a subsequent paper [J4] the relevant data for tumour induction were re-

ported. There was an excess proportion of animals with one or more palpable tu-

mours (compared to the control groups) after exposure at all except the oldest

age (21 months), in spite of a significant life-shortening only after exposure

at the three younger ages. The percentage of animals with palpable tumours was

higher in all groups (even for the group exposed at 21 months) in comparison

with the control tumour-bearing animals. It should be recalled that this strain

of rats has normally a very high incidence of radiation-induced tumours, parti-

cularly of the skin and skin adnexa, which might have altered to an unknown ex-

tent any more precise estimates of life-shortening.

D. CONCLUSIONS

28I. From all the data reviewed above it may be

logical variables determining the life-shortening

concluded that among the bio-

response to irradiation

appears to be sufficient data for discussions on the genetic constitution

on the influence of sex and of age at irradiation.

there

and

282. It is easy to understand that different species might show a different

response in relation to the longevity of each species and to its specific phy-

siologic and pathologic characters. Much less easy is to trace a common para-

meter or a set of parameters on which one could evaluate the sensitivity of a

species in order to construct a susceptibility scale which might facilitate

inter-species comparisons or extrapolations. The analysis of survival para-

meters according to the actuari~ model of Gompertz; the calculation of semi-

empirical parameters like the excess death-rate divided by the exposure rate

in chronic irradiation experiments; the evaluation of the life-shortening ef-

fect normalized as a percentage of the control value and as a function of the

acute LD
50/30;

the hypothesis of a common life-shortening effect per unit dose

normalized according to the respective life-span of the species compared; were

dl criteria proposed in order to achieve the scopes mentioned above. On the

basis of one of these pars.meters approximate scales of radiosensitivity were



in fact proposed, of which the majority were obtained f?romgamma-ray chronic

irradiation data (see Table 3). Most of these data agree in showing that the

rat, the dog and the mouse are about equally sensitive, while (on the basis of

very scanty data) the rabbit would appear to be less susceptible and the monkey,

the goat and the guinea-pig perhaps more sensitive. As to the man, its sus-

ceptibility is reported in one case to be higher (perhaps by a factor of two)

and in another case to be similar to that of dog and the mouse. It does not

appear from the data that the differences between the various mammalian species
.

tested is very large and the range within which all species might be included

could possibly be a factor of two in both directions (taking the mouse and the

dog to be in the middle of an ideal radiosusceptibility scale) or about a fac-

tor of five over the whole range of radiosensitivity of the species tested.

283. Intra-species or inter-strain variability has also been studied in the

mouse, the species where different genetically-homogeneous strains are more

easily available. When adequately looked for, differences between various

strains (for the same sex) were easily observed. No formal genetic analysis of

the radiosensitivity” parameters has been attempted and most of the data refer

to irradiation for’the duration-of-life. In general the amount of life-shor-

tening is correlated with the control mean survival time, in the sense that the
t:

proportion of life lost per unit dose is similar for the various strains having

different life-spans. Life-shortening is also correlated with the expression of

the pathological characteristics of the strains, since animals prone to the de-

velopment of leukaemia and of ovarian tumours (the cases more thoroughly an-

alyzed) show a greater amount of life-shortening per unit dose. It is possible

that the differences in response of the various strains may also reflect the

maturation rate of the genotypes irradiated, as some data on the correlation of

the response with the weight of maturing animals would suggest. When allowance

is made for all these variables the mouse appears to respond according to a ba-

sic parameter, whereby for acute single doses the number of days lost per Wit

exposure equals 0.28 days/R. On this basic dose-response relationship all the

factors mentioned above (in addition to other factors for sex and age) would

superimpose to give the compounded final value of effect applying to each par-

ticular situation.

284. In few of the data reported either no difference or small differences in

sensitivity to life-shortening were reported between male and female animals:



Table3

Approximate scales of sensitivity of various animal species

for the life-shortening effects of irradiation

Approximate sensitivity
Irradiation condition Refs.

more more

sensitive resistant

Chronic x-irradiation monkey rat, dog and mouse rabbit [B71]
about equal

Acute x- or rat and mouse [u 1]

y-irradiation about equal

Chronic Y-irradiation man guinea-pig, rat, dog [G 1]

and mouse about equal [S23]

Chronic y-irradiation guinea- man, dog and mouse [G 6]

pig about equal

Chronic y-irradiation dog and mouse [N 71
about equal

Chronic y-irradiation goat mouse [H 9]

they refer to the SAS/1+strain [Ll, L2], to the CFW

strain [U7] and to the B6CFI strain [A7]. The data

tradictory since in the series by Upton et al. [U5]

strain [Mlh], to the RY/Un

in the IAFl mouse are con-

the female appeared to be

more sensitive, in that by Sacher and Grahn [S4] the females were more resis-

tant at survival times of 130 days or more. In the case of the CAFI mouse [K6]

age at irradiation and sex appeared to interact , owing probably to changes in

the endocrine balance, so that in early life the female and in old age the male

appeared as the most sensitive sex. In all other cases comprising the follow-

ing inbred strains: CBA, Balb/c, A/Jax, A/He, C3CF1, B6RFMF1, C3CB6RFM; invarib-

ly a higher sensitivity of the female animals was observed. The sensitivity

factors reported were between 1.5 and 4. Ovarian disjunction induced by irra-

diation and the incidence of ovarian tumours were reported to cause this diffe-

rential effect, which tended to disappear when the data were appropriately cor-

rected for the incidence of tumours of the genital tract or of leukaemia. Only

in the case of the CAF1 mouse [K6] the ovarian tumours were reported to be un-

correlated with the higher sensitivity of the female and in that instance it ap-

peared that irradiation in late life did actually show a higher sensitivity of

the males. The observation therefore does not contradict the conclusion to be



●

drawn from the vast majority of the data that , within strain, sex has a constant

effect in the sense that female animals are more sensitive to radiation-induced

life-shortening, which effect is mostly manifested by an increased incidence of

tumours of the female genital tract.

285. The data on the rat show no obvious difference of the sex, while the

guinea-pig, in analogy with most data in the mouse, shows an increased sensi-

tivity of the females attributable to tuours of the genital tract. Body weight

might also be a biological variable to interest in the final expression of life-

shortening, but it appears to be of rather minor importance.

286. As to the effect of age, after allowing for other factors influencing

the reduction in longevity (genetic background and sex) most data agree in show-

ing that irradiation in utero of the mouse produces less marked life-shortening.—

than irradiation during post-gestational ages. There may even be no long-term

effect at all on the irradiated animals, particularly those surviving irradia-

tion at the early gestational ages. The experience in the rat shows some re-

duction of the life-span for irradiation of the foetal animals, but the effects

observed are of doubtful significance and in any case not substantially differ-

ent from the effects of the same doses given soon after birth.

287. Regarding the effect of extra-uterine age, the data are rather numerous

but only limited to the mouse and the rat. In both these species invariably

irradiation late in life produces - all other factors being equal - less life-

shortening than treatment at younger ages. In the one case where no effect of

age was found [U5] the range of useful ages examined was too short for any ef-

fect to be seen. In some instances the reduction of life-shortening with age is

preceded by a phase of increased susceptibility of the animals up to the time

of sexual maturity [L12]. In other cases irradiation in old ages may even pro-

duce (for moderately high doses) an increase , rather than a decrease, of the

duration of life [Y3] or no change with respect to control [J3]. The change in

sensitivity between young and old a.nimds may be up to a factor of three when

the life-shortening per unit dose is considered; if the effect is evaluated in

terms of the percentage 10SS of the remaining llfe-span, this amounts to a few
..

Per cent. In some experiments a correlation may be established between the de-

gree of life-shortening and the induction of tumours or of nephrosclerosis, but

in other cases no such correlation may be found.



288. Among the many hypotheses considered it appears that, at least under some

conditions, the effect of age might be attributed to a decreased susceptibility

of certain pathological conditions. Another possibility is that radiation in

old age may have some therapeutic effect on some (presumably neoplastic) con-

ditions already under development at irradiation. Caution should be used in the

analysis of data where animals are started on irradiation courses at variable

initial ages since different analytical appraoches to the data, in additio to

implying different hypotheses of action, may lead to variable conclusions as

to effect of age on the animals radiosensitivity.

289. In two large sets of experiments [S19, S20] a number of texts (LD
50/30’

survival time after daily exposures to 100 R, recovery rate after split doses)

were performed on RF or BDF1 mice at various times following a conditioning

dose of radiation. The experiments showed that each test measured the damaged

inflicted to different cellular systems and that each system aged according to

a different rate. The data showed also that normal animals exhibited a sharp

decline of their radiation resistance in old age. Previous irradiation induced

an increased susceptibility and an earlier onset of the decline, which was in-

terpreted as the expression of the earlier onset of morbidity in the irradiated

animals.

III. MODIFYING EFFECTS

A. PHYSICAL TREATMENTS

290. Among the treatments that modify the life-shortening response to irradi-

ation those of a physical, chemical or pharmacological, and biological nature

will in turn be reviewed. It should be realized that information available on

these subjects is very heterogeneous and not suitable for generalized conclu-

sions. Among the physical treatments, those referring to irradiation given in

combination with low- or high-temperature treatments should be included.

29I. Carlson et al. [C21] exposed male Sprague-Dawley rats to 20°C and 5°C

to 60Co gamma-irradiation for 8 hours/day during one year. The animals were

caged individually and a parallel control group was run at each temperature.



The dosimetry was such that the animals in the room at 25°C received from 38

to 96 mR/24 hour-day and the exposed ones 89s-931 mR/8 hour-day. In the room

at 5°C the respective dose rates were: control 42-149; irradiated 897’-966.

Oxygen consumption, food consumption, body weight and metabolism were checked

routinely. The irradiated animals at both 5°C and 25°C lived over 20 per cent

longer than their respective non-irradiated controls, the half-lives observed

being: at 5°C, control 240 days, irradiated 305 days; at 25°C, control 46o

days, irradiated 600 days. NO explanation was offered for this observation,

except

effect

292.

crease

the suggestion that a mild injury might result in apparently beneficial

by stimulation of cell and tissue repair and repopulation processes.

Trujillo et al. [TI] reported that RF/Un female mice showed a linear de-

with increasing age in their ability to withstand a standard cold stress

(6°C to 7°C for 14 days). Mice exposed to protracted 60Co gamma-ray exposure at

50 rad/day and then allowed to recover for 90 days showed a similar linear de-

crease with increasing radiation exposure in their ability to withstand the

same cold stress. This radiation-induced effect was considered similar to

life-shortening by natural aging and was equivalent to 0.093 day/rad.

293. In a rather more elaborate set-up Carlson and Jackson [C22] studied the

interaction among radiation and high temperature. The animals were divided

into 8 groups of 22 rats each, individually caged. Four of them were kept at

28°c and exposed to 0.29, 0.64, 2.60 and 4.I8 R/day during the year that ir-

radiation lasted from 4 to 16 months of age. The other four groups were kept

at 35°C for the same length of time and exposed to 0.28, 0.60, 2.57 and 3.96

R/day. me age at which 50 per cent of the irradiated animals died increased

with increasing dose at all dose levels tested, with good statistical signifi-

cance of the data, except for two points. It was suggested that ionizing ra-

diation may have interacted with the environment in increasing longevity by

stimulation of the repair processes. These experiments [C21, C22] are note-

worthy, not only because they show an interaction between radiation and ambient

temperature, but also for the finding that radiation in the region of b R/day

or lower has (at all temperatures tested) increased, rather than decreased, sur-

vival. As to the first point, the observation has so far remained without con-

firmation; concerning the second one, it should be mentioned that Bustad et al.

[BIT] working on individually caged mice within the same exposure range but at

normal ambient temperature could not confirm the data of CarlSon. The problem

therefore remains unsolved, since the different species or environmental con-

ditions might have been responsible for the negative observations of Bustad.



294. Paradoxical effects induced by relatively low doses of radiation which

increased, rather than decreased, the expectation of life are not uncomnon in

the papers reviewed. In addition to the experiments just cited on the rat

[C21, C22], observations on mice by Lorenz and co-workers [L6] are to be men-

tioned. Here, mice exposed throughout life to 0.11 R of gamma rays daily had

an increased after-survival with respect to controls. This increase was not

statistically significant, but was confirmed in a subsequent test. There were

differences between groups concerning the air conditioning and temperature of

the animal quarters which made the data uncertain. No reduction of the mean

after-survival of three different strains of mice exposed to 5 R/day and to

cumulative exposures of about 2500 R was observed by Sacher and Grahn (cited

by Sacher and Trucco [S32]. Yuhas [Y3] also reported life-span lengthening

when old animals (15, 18 and 24 months old) were exposed to 10 fractions of

140 R of x rays given over 12 days, whe.ras the same amount of radiation admini-

stered to 4 or 9 months old animals produced some life-shortening. It should

also be recalled that life-lengthening in animals irradiated in their old age

is by no means a strange finding [K6] (see paragraphs 262-280).

295. Following the formulation of a theory on the statistical nature of mor-

tality by Sacher [S2] and by Sacher and Trucco [S12] in which the death of an

organism is viewed as a random event arising from the fluctuating nature of its

physiological performance, these two authors proposed [S32] a modification

of the theory that makes it possible to account for paradoxical observations

of the type described. Radiation (particularly at low doses) would induce a

decreased fluctuation of the signaling and control systems of physiological

processes. As a result, the probability of a large fluctuation leading to an

irreversible change would also be decreased. In essence, the decreased vari-

ability among the exposed than among the control animals would be the main

effect of the irradiation and the improved survival at relatively low doses

would result from it as an occasional consequence.

296. In experiment by Gambino et al. [G13] Long-Evans female rats were irra-

diated over the whole-body or only on the adrenals with 500 R and then exposed

for three hours daily to O°C. Reduced longevity was among the effects (re-

tarded growth, cataract, fur graying tumours) seen at long-term in the whole-

body-irradiated (but not in the adrenal-irradiated) rats. It amounted to about

20 per cent of the normal control life-span and it was not modified by the



cold treatment. Other effects were also not modified, except perhaps for a

slight reduction of the accelerated tumour onset seen in whole-body-irradiated

animals. Interpretation of these data is made difficult by the fact that the

cold treatment ~ se has produced life-span reduction and changed the spectrum—

of diseases with a prevalence of inflammatory pulmonary conditions and a rela-

tive decrease of neoplasia rHlll.

297. Some information is also available in regard to the modifying effects of

. a specific stress on long-term mortality of irradiated animals. Ordy et ai. [01]

irradiated C57BL/10 mice on the brain with 500 rad ‘of20 MeV deuteron beam with

a highly significant decrease in longevity of the irradiated animals. They also

observed a reduction of the late mortality in the animals undergoing periods

of daily stress (cold , electrical shock, or both). Such an effect appeared to

be statistically significant in some, although not all, groups of animals and

was observed irrespective of whether they had been irradiated or not.

298.

vation

Reincke et al. [R9] submitted Wistar rats at 120 days of age to star-

for 9 days, water deprivation for 6 days or forced swimming. Animals

that had passed through such severe stress before irradiation (280 R of x rays,

single dose), lived longer than those receiving irradiation only. The differ-

ences in the survival curves were significantly different in three out of six

possible comparisons. No influence of stress was observed on the tumour inci-

dence.

B. PHYSICO-CHEMICAL AND PHARMACOLOGICAL TREATMENTS

299.
.

mined.

1, Anesthesia, oxygen and hypothermia

The effects of hypoxia induced by various treatments will first be exa-

Lindop and Rotblatt [L12] showed some protective action of anesthesia

(I@bu+.=1, 60 mg/kg, i.p.) against early and late death. Protection appeared

to decrease with dose-rate in the interval 480-162 000 rad/min. Protection

could not be ascribed to low oxygen tension in tissues by the anaesthesic drug,

because there was no summation of effects by the anesthesia and dose-rate,

particularly at the high dose rates. In other series of experiments Lindop and

Rotblatt (L12, L16] showed that when SAS/4 mice, anaesthetized with 20-60 mg/kg

of Nembutal and breathing nitrogen 30-50 second , were exposed to a beam of fast



electrons (15 MeV, 40 000 rad/min) they had a considerably reduced life-shorten-

ing effect, by comparison with other animals exposed in air. The protective ef-

fect of hypoxia was influenced by the age at exposure in that a dose-reduction

factor of about 3 due to the nitrogen breathing was observed in animals of 8

and 30 weeks of age; in mice of 1 day or 1 week of age the shape of the dose-

life-shortening relationship was changed from linear to curvilinear, giving rise

to a larger protection factor at low doses and a very small one at high doses.

300. Hypoxic hypothermia was also tested by Hornsey [H12] in respect to the

possible modification induced by this treatment on life-span. While hypothermia

induced at the time or irradiation offered considerable protection to the haemo-

poietic system, whose failure is responsible for the early death of the animals,

it did not protect to the same extent against long-term death. For the same

dose administered to normal and to chilled animals the expectation of life was

greated for the latter, but the nature of the data did not allow any precise

estimate of the protection factor afforded by hypoxic hypothermia. Thus it

appears that the protection by hypoxia already shown against the acute radiation

effects extends also to the long-term effects, although perhaps not to the same

degree.

2. Chemical radioprotective drugs

301. On the subject of chemical radioprotection Maisin et al. [M33] reported

that mercaptoethylamine [MEA: (10 mg/rad, given 5 minutes prior to irradiation)

was active in reducing the mortality rate during the first month post-irradiation

but was incapable

of the head (1000

without effect on

of the whole body

of modifying the late rate of mortality following irradiation

2000 R) or of the abdomen (900 - 1500 R). This drug was also

the late mortality following irradiation of the abdomen and

with 600 R. In another series of experiments, MEA (425 mg/

kg/day) and 2-aminoethylthios~furic acid (1000 mg/kg/day) were administered in

the drinking water to Swiss mice that were exposed for the duration-of-life to
60

Co gamma rays at dose rates from 1 to 5 R/hour. Mortality data were indis-

tinguishable from those of controls drinking tap water and it was therefore con–

eluded that neither of the drugs (which are active in the prevention of early

mortality) had a protective action against chronic irradiation efffects at drug

levels accepted by the mice [A8].



302. Cosgrove et al. [C23] tested on (1OIXC3H)FI female mice following a wide

range of x-ray exposures (300 - 1800 R) the effect of the radioprotective drugs

aminoethylthiouronium (AET) with or without parallel treatment with isologous

bone marrow infusion. The drug treatment was found to have a marked protective

effect against early lethality, but its effectiveness in protecting against a

reduction in longevity was equivocal. No effect was found on tumour induction,

nephrosclerosis and lens opacities while induction of thymic lymphomas and gray-

ing of the fur were reduced by the drug treatment. Thus AET protected against

some but not all long-term somatic effects and in no case the dose reduction

factor approached that obtained against the acute lethal effects of radiation

(40-50 per cent).

303. In another experimental series performed on male and female LAFl mice by

the same workers [C20] administration of AET before irradiation led to some re-

duction of kidney sclerosis but was again without effect in regard to the induc-

tion of tumours of the ovary or to the graying of the fur.

304. An attempt to “maximizing protection against 9 MeV irradiation was repor-

ted by Shewell and’Wright [S33] who combined four different methods of Protec- ,;,,

tion: administration of cysteamine before irradiation, irradiation during ni-
.

trogen hypoxia, and administration of syngeic bone marrow and antibiotics after

irradiation.
‘e ‘D50/30

for the protected mice (C3H/Bi, 15 weeks old) was in-

creased by a factor of 3.8 with respect to unprotected animals and this factor

persisted throughout the long-term follow-up of the mice surviving early le-

thality. Graying of the hair and epilation also gave a dose–reduction factor

of 3.8, but the appearance of radiation cataracts did not conform to the same

pattern. It was therefore concluded that the protection afforded against the

different effects had variable dose-reduction factors for each effect tested.

.
305. In Nelson’s [NIO~ experiments irradiation followed various fractionation

schedules: 80 R at intervals of 1 day up to total accumulated exposures of 64G -

1920 R; 80 R at intervals of 3 days for the whole life-span; 160 R at intervals

of 1, 3 and 7 days up to exposures of 48o - 1760, 1600 - 3250 and 288o - 576o R,

respectively. Cysteamine at 4 mg/day for 24 days or at 4 mg/day twice a week was

used as a chemical protector. The drug treatments by themselves, as well as the

injection of physiological saline twice a week for the whole life, modified dras-

tically the mean and median survival time of the irradiatea animals. However,



cysteamine unequivocally protected against mortality, the magnitude of the pro-

tective action depending on the accumulated exposure and on the time interval be-

tween fractions. At low accumulated exposures radiation injury was insufficient

to show significant differences between protected and control animals, while for

high exposures radiation injury was supralethal; also, the effect of fractiona-

tion intervals was often variable. No single dose-reduction factor could be de-

rived from these experiments since the values of this factor vary in each series

with exposure, fraction size and fractionation interval. However, cystesmine was

shown to protect not only against the acute injuries but also against fractionated

doses in the sublethal range. Any more precise assessment would be unwarranted

owing to the toxicity of the drug and to the adverse effect of the administra-

tion procedure which influenced the survival of the animals rather substantially.

306. Yuhas [Yl] reported that the radioprotective agent WR-2721 [S - 2-(3-

amino propylamino) ethylphosphorothioic acid] protects against acute death more

efficiently than it can protect against the life-shortening effects of radiation,

although the exact extent of this protection could not be directly and precisely

estimated. It has, however, been shown [D6] that the ability of the drug to pro-

tect against life-shortening varies with the size of the dose of radiation.

307. Storer [S30] investigated on A/J and c57BL/6J male and female mice the

effect of four radioprotectors administered i.p. 15’ prior to irradiation. They

were: paraaminopropiophenone (PAPP) at 40 mg/kg, mercapto-ethylsmine (MEA) at

200 mg/kg, amynoethylthyouronium (AET) at 200 mg/kg and 5-hydroxytryptamine

(5 -HT) at 100mg/kg. X rays of 300 kVp were given acutely at 150, 300, 600 R

to the control animals and at proportionately higher exposures to the protected

mice. Dose-reduction factors in the region of 1.5 - 1.8 were found for the

various drugs with respect to the LD
50/30

of the x rays and the drug treatments

had no significant effect on the longevity of the non-irradiated mice. Within

the range of exposures tested, mean survival time decreased as a function of

dose (with some sex and strain differences in the amount of response) with con-

cave upward relationships, although the hypothesis of linearity could not en-

tirely be rejected. The pooled data (all strains and sexes and drugs together)

for control and for protected mice showed that mean life-shortening was a cur-

vilinear function of dose both with and without drugs and that the radioprotec-

tive treatment did afford some protection against life-shortening. However, the

extent of protection varied with strain, sex and drug. PAPP was found to be the



most effective, followed by MEA, 5 - HT and AET. The average dose-reduction

factor for all agents and mouse groups was 1.35. All this shows that protection

against life-shortening is qualitatively and quantitatively different from pro-

tection against the acute lethal effects and results from a complex interaction

of factors depending on strain, sex, drug and dose of radiation.

308.

ported

Balb/c

causes

peting

Other experiments on the subject of chemical radioprotection were re-

by Maisin et al. [M8, M23] and summarized in Maisin et al. rMIO, MZ41.

and C57BL mice were given 100-2000 R acute exposures of 250 kVp x rays;

of death were classified among 12 different groups and analysed for com-

risks of death. In the Balb/c strain life-shortening had a linear de-

pendence on dose, except perhaps at very high doses. When AET or a mixture of

radioprotectors (glutathione, cysteine, AET, MEA amd 5-hydroxytryptamine) were

administered prior to irradiation with various schedules of administration, they

showed a significant protective action against late death. Under the hypothesis

of linearity, the dose reduction factor for AET was estimated to be 1.23 ~0.05

and that for the radioprotective mixture 2.1 ~ 0.2 , which values are signifi-

cantly smaller than those applying to acute lethality (1.7 and 2.8 respectively).

Radiation-induced shortening of life was attributed to specific diseases (thymic

lymphoma, myeloid leukaemia, glomerulosclerosis, non-tumorous lesions of the

lung ). Protection was most effective against thymic lymphoma, but was also dis-

cernible for leukaemia and nephrosclerosis. In the C57BL mouse the data, al-

though less complete, were essentially similar.

309. Maisin and his collaborators [M24] performed also another experiment

where the mice were given fractionated treatments. Using a variety of dif-

ferent doses and fractionation intervals they showed essentially that both

the irradiated and the irradiated-AET-protected mice die when an accumulated

exposure of about 2000 R is reached , whereas mice protected with the above-

mentioned mitiure may sustain exposures up to 4000 R, independently of the

size and frequency of the radiation dose fractions, making due allowance for

early mortality.

310. Another paper was also reported on the same subject by Philip [P2]. In

this case AET (300 mg/kg body weight) or 5 - HT (75 mg/kg) were given i.P. 10,

prior to irradiation with 400 R (250 kV x rays) to young Swiss female mice.

Single exposures of 100, 200 and 400 R were also given to normal, non-protected



mice. Life-span–shortening, incidence of thymic or myeloid leukaemia, and the

occurrence of tumours of breast, ovary, lung and uterus were the en&-points

evaluated. Dose reduction factors of 1.7 for AET and l.~ for 5 - HT could be

calculated for long-term survival , which values were close to those obtained

for short-term survival. For the induction of all tumours the respective dose-

reduction factors were I.j and 1.4; for the induction of thymic lymphoma 1.8

and 1.6.

c. BIOLOGICAL TREATMENTS

1. Bone marrow transplantation

311. Syngeneic marrow transplantation was not very effective in protecting

against reduction of longevity in Cosgrove’s et al. [C23] experiments. This

treatment did inhibit the induction of thymic lymphoma, in accordance with other

data [

solid

312.

C13, K16, 112, c24] but did not alter the incidence of glomerulosclerosis,

tumour induction (ovary, breast, lung, uterus) or lens opacities.

Experiments on the late somatic effects in syngeneic radiation chimaeras

were performed by Covelli et al. [C13] on (C57BLXC3H)FI male mice. Bone marrow

treatment was effective in increasing survival of the animals within 60 days,

but the mean and median after-survival of the mice irradiated with 900 rad of

x rays were not influenced by the nwber of cells injected (in the range of

8 104 - 1 107 cells/mouse). Irradiation with 900 rad of 250 kVp x rays fol- .

lowed by bone marrow treatment was very effective in decreasing the occurrence

of retictim cell sarcoma in long-term survivors but led to an enhancement of

tumour incidenc (particularly in the malignant tumours) by comparison with un-

treated animals. Irradiated bone-marrow-treated animals had a greatly enhanced

and accelerated appearance of nephrosclerosis which was by far the most important

cause of death between (50()and 7o0 days of’treatment under these conditions.

2.

313. In order to investigate on

sensitivity of the female animals

Holland et al. [H13~ investigated

Other treatments

the frequently reported finding of a greater

of life-shortening (see paragraphs 246-254)

the effect of ovariectomy on RFM mice.

Castration had little effect on overall mortality rate, both alone or in com-



bination with irradiation (300 R). It had, on the contrary, significant effects

on specific spontaneous or radiation-induced diseases, since it reduced the in-

cidence of lymphosarcoma and pituitary, harderian and adrenocortical adenoma

and it increased the incidence of lung adenoma. For two other diseases, septic

metritis and severe glomerulosclerosis, castration interacted with radiation in

nullifying their increased incidence brought about by radiation. Although not

strictly comparable, these findings seem at variance with those of Hamilton et

al. [H14] who exposed LAFl mice to 145 R/day and found that females had a grea-

ter sensitivity than males, judging on survival time. However, when the females

were ovariectomized their survival came nearer, although still lower, to that of

the males. Thus, acute survival might be influenced by ovariectomy, as opposed

to long–term survival.

D. PARTIAL-BODY IRRADIATION

1. Mouse

314. Although selective partial-body exposure might be in principle a good

methodology to study the pathogenesis of the individual causes of death respon-

sible for life-span-shortening, data on this subject are comparatively few. In

the mouse Kallman and Kohn [K~] reported on CAFI females exposed acutely to

250 kVp x rays. Partial–body irradiation was performed bilaterally on the tho-

rax (weight of irradiated tissues about 7.6 g); on the right hemithorax (3.5 g)

and on the pelvis 95.Og). Three hundred and 500 R given to the whole-body pro-

duced an appreciable shortening of life. Partial–body exposure on the chest or

on the pelvis was much less effective than whole-body irradiation in terms of

tissue dose units. The smallest whole-body doses were more effective than the

larger per unit dose but the reverse was true in the case of partial–body ex-

posure. In the partial–body exposure of one region the loss of life per unit

absorbed dose (dose per unit volume of tissue) was not a constant in these

experiments.

315. Boone [B8, B9] worked on mice of the same strain and sex irradiated on

the whole-, lower- or upper-body with x-radiation in single doses. Whole-body

irradiated animals (150 mice for each group) received 100, 200 or 400 rad,

shielded animals 200, LOO or 800 rad and shielding was adjusted in order that

the total weight of the tissues included in the irradiation fields would be the



same. The integral dose to shielded animals was therefore equivalent to that

received by unshielded ones receiving one-half of that dose. Inspection of the

data showed a non-linear dose-effect relationship in all cases, with upper con–

vexity. Whole-body exposure was most efficient for induction of life-shorten-

ing; shielding of the lower body least efficient; shielding of the upper body

was intermediate between the two. The only pathological data given were those

referring to overall leukaemia and they are insufficient for any conclusion.

Also, the significance of the differences observed between control and treat-

ment groups and between the treatment groups themselves appears dubious.

316. Cosgrove and Upton [C25j exposed RF female mice to 250 kVp x rays, under

nembutal anesthesia and the conditions studied were: irradiation on the whole-

body with 100 R or 300 R; 300 R to the upper, middle or lower third of the body;

non-irradiated controls. Life-shortening was appreciable after 100 or 300 R

given whole-body but survival of the shielded groups was slightly, if at all,

different from that of non-irradiated controls. Whole-body irradiation at both

exposure levels increased the incidence of thymic lymphoma and in the 300 R

group myeloid leukaemia was also increased; but none of the diseases was in-

creased in shielded mice. Since partial exposure of any third of the body to

300 R produced less life-shortening than did 100 R to the whole body, the

effect was not correlated with the integral dose.

317. The experiments of Cosgrove, Upton et al. [C20] on LAFl female and male

mice are more concerned with the induction of nephrosclerosis than with life-

shortening, but were performed on partially-shielded animals, showed that

shielding of the kidney prevented the induction of glomerulosclerosis and ex-

posure of the kidney alone was as effective as whole-body irradiation for in-

duction of this disease. Longevity was reduced by irradiation of the whole–

body or by exposure of the l~bar area to 1200 R at 10 weeks of age, but not

when the same dose ~der the same conditions was given at 1 year of age. Par-

tial-body exposures below 1200 R gave an insignificant reduction of the mean

age at death.

318. Sate, Tsuchihashi and Kawashima [S34] reported that whole-body, head or

trunk exposure to 400 R induced significant life-shortening in ddlifemale mice

irradiated when 10 weeks old with 200 kVp x rays. Lower-body exposure to the

same amount of radiation did not result , on the contrary, in any reduction of



the life-span. Per volume dose, life-shortening was maximum for the head ex-

posure. Gompertzian plots of all groups were linear, but they did not bear any

simple relationship between partial- or whole-body irradiation.

O weeks of age) by

whole-body or of 800

compared. The mean

n the various groups

43.o weeks 6 per cent/

319. In other experiments conducted on ddN female mice (“

the same group of workers [s43] the effects of 600 R given

R given only to the head, the trunk or the lower body were

survival times and per cent life-span-shortening observed :

were as follows: control: 69.2 weeks; whole-body exposure:

100 R; exposure of the trunk: 59.7 weeks, 2 per cent/100 R; lower body exposure:

62.7 weeks, 1 per cent/100 R; head exposure: 66.1 weeks. The life-shortening

effects observed in the irradiated groups were all significant, except for the

group with head exposure. The increase in incidence of all tumours and of mali-

gnant lymphoma was significant in the whole-body exposed group. Head exposure

enhanced the induction of tumours of the pituitary gland; trunk exposure that of

ovarian tumours (with a depression of malignant lymphomas); lower body exposure

gave the same tumour spectrum as the control. Judging by the mean after-survival

of mice dying for the same cause, an earlier appearance of all causes of death

(and particularly of the lymphoma) in irradiated than in control groups was ap-

parent. The larger life-shortening produced by the whole-body treatment was

attributed to the high incidence of lymphoma and to the arly appearance of lym-

phomas, lung and manmary tumours. The lower incidence of lymphoma in the par-

tially-shielded mice was responsible for the low life-shortening efficiency of

these treatments.

2. Rat

320. In the rat Maisin et al, [M23] and Dunjic et al. [D7] performed a study

of the mean duration of life of a homozygous strain exposed under various con-

ditions. They found that 600 R given whole-body gave a reduction of life-span

of about ~1 per cent; 850 - 1000 R to the abdomen alone reduced the life-span

by 18-34 per cent. There were also groups irradiated over the thorax only

(600 - 3000 R) or over the head only (6OO - 2000 R). The survival curves had

distinctly different shapes depending on the region of the body exposed and on

the various modes of death showing at characteristic doses: pulmonary and oeso-

phageal syndromes for thorax irradiation and delayed head or oropharingeal syn-

dromes for irradiation of the head. The authors suggested that the survival

curve after whole-body irradiation could be a composite of the survival curves



for partial irradiations of various types, an explanation that fails to account

for the life–shortening at doses far lower than those responsible for the modes

of death mentioned above.

321. In other experiments young female Wistar rats were irradiated on the

whole body or on sections of it (head, upper abdomen, whole body except the

upper abdomen) with a single exposure of 1000 R of 250 kVp x rays under anest-

hesia and therefore under slight anoxia. Mean and median survival times of

the groups receiving partial– or whole-body exposure were all reduced compared

to controls. Life-shortening observed after partial-body irradiation was in

approximate proportion to the weight of the irradiated tissues. Nephrosclero–

sis was not seen unless the upper abdomen were included in the irradiation field

and, except for the kidney, the spectrum of diseases observed at death in con-

trol, partial–body or whole-body irradiated animals was very similar. Inflam-

matory diseases of the thoracic organs and benign and malignant neoplasms pre-

dominated [L17].

322. The results of Taketa [T2] were also obtained in the rat (adult male

Sprague-Dawley, 9-11 weeks old) and involved exposure of the intact abdomen

exlcusive of the gastrointestinal tract (which was surgically exteriorized and

shielded) to 1300, 3500 or 5000 rad. A dose of 1300 rad to the intact abdomen

resulted in 100 per cent of the animals dying within 4 days of exposure. The

same dose given to the abdomen without the intestine allowed survival of the

animals to a mean life-span of 262 days. But an increase of the dose to 3500

or 5000 rad under the same conditions shortened the life-span of the rats to

82 or 33 days, respectively. Results with the lower or the upper abdomen ir–

radiated separately (with exteriorized and shielded intestine) were less clear.

323. Carsten and Innes [c261 working on female rats of the CFN strain irra–

diated with Z50 kVp x rays showed that 650 rad given to the lower body or 1300

rad administered to the upper body had a life-shortening effect of about 90 days

(against a control value of about 700 days). The effect was statistically dif-

ferent from the control life-span, but was very similar for the two treatments.

Mammary adenofibromas developed in 60 per cent of the normal aging mice. Acce-

leration of these tumours was induced by irradiation of the lower, but not of

the upper, body. These tumours were a major cause of death in both the irra-

diated and the non-irradiated rats.

i.:



3. Chinese hamster

324. Chinese

x rays [Kll].

hamsters were irradiated whole- or partial-body with 250 kVp

Judging by the life-span, the upper half of the body appeared

more vulnerable than the posterior half and the response to the whole-body ex-

posure was largely determined by irradiation of the anterior half. This ob-

servation seems quite unique to this species and at variance with data obtained

in the mouse [K7, B8, C25] and in the rat [D7, L17]. A significant increase

of the incidence of tumours in irradiated animals was ascertained only of the

ovary. Progressive capillary glomerulosclerosis was observed as in all animals

examined and this lesion was accelerated by irradiation.

c. CONCLUSIONS

325. It appears, in conclusion, that keeping the animals under environmental

temperature conditions which are thought to be suboptimal may decrease, rather

than enhance, the life-shortening effect of a radiation treatment. Also, stress

of a rather non-specific nature (cold, starvation, water deprivation, physical

exercise, electric shock) may have some influence on the life-span of the ir-

radiated animals, owing presumably to some interaction between the effects of

stress and of radiation exposure. These unconventional data are, however, too

few, the treatments tested too unspecific and their underlying mechanisms too

obscure to warrant undue generalization. Hypoxia induced by various techniques

induces invariably some protection against the life-shortening action or ra-

diation, but the extent of this protection is probably less than that produced

by the same treatments against acute radiation effects.

326. Treatment shortly before irradiation with a number of radioprotective

chemicals (MEA, AET, 5 - HT, cysteamine, PAPP and others) affords a certain

mount of reduction of the life-shortening effect, by comparison with irra-

diated untreated controls. The nature and the dose of the drug; the dose of

radiation in relation to the form of the relationship and to its possible mo-

dification by the drug treatment; the strain and sex of the animals; are all

variables that may to some extent modify the final outcome of the drug-radia-

tion interaction. The effect on longevity of these drugs is often smaller,

sometimes marginal, by comparison with the effect produced by the same drug

treatments on early mortality: dose reduction factors in the region of 1.4 to



1.8 may be derived. Some protective effect is also found with fractionated

courses of treatment but not with duration-of-life exposures and low drug le–

Vels . The protective action of a single drug may cumulate with the effects of

other drugs and with the action of concomitant treatments like anoxia, bone

marrow transplantation, antibiotics. Whether the protective effects of the

drugs on the life-span operates through a decreased induction of tumours or of

other non-specific conditions is not clear. However, the incidence of some dis-

eases such as kidney sclerosis (which is responsible at medium-to-high doses for

life–span-shortening) may be decreased by the action of radioprotective drugs.

327. Isologous marrow infusion acts essentially on short–term lethality: late

survival is not correlated with the size of the marrow inoculum or with the

amount of marrow shielded. The only long-term effect that appears to be af-

fected by transplantation or shielding of haemopoietic cells is the induction

of thymic lymphoma or of myelogenous leukaemia. These data, together with

other findings rP3, S35, s36] may be viewed as evidence that marrow exhaustion

is nOt a factor to be considered among the causes of natural aging or of radi-

ation-induced life–span-shortening.

328. The only generalization to be gained from the experiments where whole-

and partial-body irradiation were compared is that partial–body exposure in the

range of medium-to-low doses is less effective (both per unit dose and per in-

tegral dose) than whole-body irradiation for induction of life-span-shortening.

Experiments where doses of many h~dreds of rad or higher are given to sections

of the body are clearly unsuitable for studies on the pathogenesis of life-

shortening, because under these conditions localized structive lesions to the

irradiated organs are decisive for survival or death of the animals. Data are

unsuitable for other firm conclusions on the causes of death contributing to the

loss of life-time. It appears however that inclusion of the kidneys in the ir-

radiation field is a prerequisite for induction or acceleration of nephroscle-

rosis, a factor that in all strains or rodent tested and at doses of a few hun-

dred rad largely contributes to life-span-shortening. The tumour spectra and

the pathogenesis of each tumour type are too variable for any meaningful gene-

ralization. In cases where leukaemia contributes substantially to the reduction

of life, the lower incidence of this disease resulting from the shielding of

the haemopoietic system [K12, K16, 12, c24] could explain the low efficacy of

the partial–body irradiation in respect to life-shortening.

:::;..



Iv. THE

A.

HUMAN EXPERIENCE

INTRODUCTION

329. In the present chapter the evidence about the existance of a non-speci-

fic life-shortening effect in the human species is discussed. The evidence

available comes from three different sources: groups of persons (radiologists,

radiology technicians, physicians) exposed occupationally during the course of

their professional life; patients who have undergone radiation treatments for

different pathological conditions, but mostly for tumour therapy or for con-

trol of ankylosing spondylitis; a large number of survivors of the A-bomb ex-

perience in Japan in 1945 and a few hundred people exposed in the Rongelap

fall-out accident in 1954. The data will be discussed separately, since the

modalities of the exposure are different in the three groups and the charac-

teristics of the sample size and of the epidemiological observations are also

quite different.

.,.....

330. The studies performed on humans are subject to a number of limitations,

mostly related to the lack of any control over the variables to be examined.

In general, the sample size is small for effects which have often a marginal

incidence over the whole population studied. The life-span study on the A-

bomb survivors, numbering about 80.000 irradiated persons, is an exception in

this respect. Often the time elapsed between irradiation and the epidemiolo-

gical survey is insufficient to reveal effects which take a very long time to

develop. This requires frequent updating to keep the time-course of the phe-

nomena under control. In the case of radiotherapy patients there is the con-

comitant presence of an important disease which causes a decrease of survival
.

completely unrelated to the radiation exposure and induces a prevalence of

associated disabling conditions altering the spectrum and the time of occur-
.

rence of the causes of death to be expected in a normal population.

331. Finding suitable control groups to match the irradiated group is always

a problem: the distribution.of ages, the geographical location, the differences

in the socio-economic status and in the living and working conditions between

the control and the test ss,mpleare often quite large. When the effects to be



studied are small the choice of an appropriate control group may often be deci-

sive in order to assess their presence and magnitude. Although in many cases

corrections can be applied to allow for obvious differences, a subtle difference

may remain unrecognized and may thus alter to an unknown extent the interpre-

tation of the data. In all cases differences between

sample add variability to the data and uncertainty to

the control and the test

the conclusions.

332. In retrospective studies the accuracy of the records is often a problem.

For some groups (physicians, radiotherapy patients) the high standard of the

medical care makes the records on causes of death very useful and well docu-

mented. But in other instances records are poor and causes of death only ap-

proximately known. Uncertainties may well apply only to some and not to all

causes of death and the ability of the epidemiologist lies in identifying these

sources of errors and properly allowing for them. Concerning the radiation

dose records, they are mostly uncertain or not known at all, as for occupa-

tional exposures where presumptive evidence must often be used instead of more

precise statements of dose. In these cases no analyses of dose-response rela-

tionships are possible, but only contrasts of broad categories of exposed versus

unexposed groups.

therapy patients.

tric problems but

At the other extreme, doses are very well known for radio-

Exposures in Hiroshima and Nagasaki have also posed dosime-

the newest results on the T65 doses and shielding conditions,

together with clinical evidence about the presence of early symptoms of irra-

diation, make the assessments fairly reliable [02].

333 ● Radiation dose distribution in time is often unknown and variable within

the ascertained or presumptive period of occupational exposure; the radiation

beams are often of very low energy and therefore likely to be absorbed super-

ficially; irradiation of the hands, arms or upper part of the body makes the

sample of occupationally exposed individuals very inhomogeneous. And, in ad-

dition to the above-mentioned factors, the acute, fractionated or chronic con-

ditions of the exposures make it diffic~t to compare the results of the various

series.

$



B. DATA FROM OCCUPATIONALLY EXPOSED PEOPLE

334. Following a number of papers where an increased rate of leukaemia in

radiologists, as compared to other medical practitioners, had already been re-

ported [M25, M26, u13], in 1947 Dublin and Spiegelman [D8] published some pre-

liminary data on United States physicians during the period 1938-1942, showing

essentially that physicians experienced the same longevity and mortality as

white males of the same age in the United States. NO evidence of diseases as-

sociated to radiation exposure was found in that study, but in a subsequent

paper [D9] this research was extended to the mortality of medical specialists

during the same period. Among 175.146 medical doctors listed in the American

Medical Directory in 1940, 37.6Io (or 21 per cent) were classified as full-time

specialists. During the five years covered by the study there were 12.419 doc-

tors dead in the age group 35-47 and 2.029 of these (or 16.3 per cent) were

medical specialists. The mortality ratio from all causes of specialists was

78 per cent, taking the death rate of all physicians to be 100 per cent. Ra-

diologists were reported to have a mortality ratio of 0.90, dermatologists of

0.98, pathologists of 0.60. Radiologists showed a high rate of mortality from

cancer and leukaemia and among 95 recorded deaths of radiologists leukaemias were :

higher than in any other speciality.
,

335. In 1956 Warren [W2] reported on 82.44I physicians dead during the period

1930–1954 inclusive. He found that physicians had a mortality rate about the

same as that of the general adult population. In 1950 in the United States the

average age at death for white males having reached 25 years of age was 65.6

years. Radiologists died on the average 5.2 years earlier than other non-

radiologist physicians, who died at 65.7 years. Also, the non-radiologists

known to be exposed ro radiation did show some life-shortening (they lived on

the average 63.7 years) although less than that of non-radiologists. Failla

and McClement [F4] estimated that radiologists received an accumulated expo-

sure that could vary from rather low values to about 1000 R, with a possible

whole-body exposure of 500 R in 35 years of practice.

336. Warren [W2] found that deaths from leukaemia among physicians were 120

over the period 1950-1954, which rate was about three times that for the gene-

ral adult population. During 1930–1954, 0.63 per cent of the deaths from

specified causes occurring among non-irradiated physicians were due to leUkaemia,

against a 2.33 per cent ~ong other specialists having had some contact with



radiation and 3.65 per cent of leukaemia deaths in radiologists. Also, the av-

erage age at death of physicians dying from leukaemia was 60 years, whereas ra-

diologists with leu.kaemia died on average at 55.8 years. Not only radiologists

and medical specialists exposed to some radiation had a shorter mean life-span

than other non-exposed doctors, but they seemed to die younger from practically

every cause of death, neoplastic, degenerative, infectious or other stated or

non-stated causes. This suggested that radiologists were subject to some factor

lowering their resistance to disease and hastening aging. The fact that other

specialists exposed to some radiation had mortality values intermediate between

radiologists and non-exposed physicians was taken as a further evidence that

such a common factor could be radiation.

337. In a subsequent paper Warren [W3] added two years to his previous series

and compared the life-span of radiology specialists (averaged over periods of

5 years) with the duration of life of the United States male population at

large. He found that the mean age at death of radiologists before ~945 was 16ss

than 60 years, while after that date it increased progressively to approach by

1955 the average age at death of the general male population. This observation

implied that during the period 1930-1955 there had been a lower rate of morta-

lity of the radiologists as compared to the average male population, so that,

in spite of a general tendency to an increased life-span, the average age at

death for the two populations compared had by the end of the period come very

near.

338. Seltser and Sartwell [s37] examined the comparability of the grouPs in

Warren’s [W2] study, in order to see whether there might be other differences

that could account for the apparent life-shortening of the radiologists, com–

pared to non–radiologist physicians. They tested the hypothesis that the ob-

served differences might restit from an unequal age distribution mnong the sam-

ples under comparison and found in effect that the age distribution of radio-

logists differed from that of the other physicians: radiolo~ being a relative-

ly new medical specialty, there were proportionately fewer radiologists in the

older age groups where the mortality intensity was heavier. And when the ex-

pected age distribution at death was recalculated using data from 1940 and 1950,

it was concluded that radiologists wo~d in fact be expected to die at younger

ages, just because there were proportionately fewer elderly radiologists. This

finding raises some doubt on the comparison method adopted by Warren [Wp]: it

shows that the average age at death is in this particular case a misleading



parameter, while comparison of age-specific death rates in the two groups would

be a more reliable method of analysis. Seltser and Sartwell, however, did not

prove that the exposure to radiation of radiologists had no effect on their

life–span.

339. Similar reservations about the method used by Warren [W2~ were expressed

by Lewis [L18] in a review on radiation-induced leukaemia. He pointed out after

appropriate calculations that a difference of at least 6 years in excess in the

life-span of radiologists

physicians, solely on the

the two samples compared.

slightly longer life-span

would be expected by comparison with other non-exposed

basis of differences in the age distributions among

If this were true, radiologists might in fact have a

than other non–exposed doctors.

340. At approximately the same time the results were published of a survey on

British radiologists by Court-Brown and Doll [C27]. The study concerned life

expectation and cancer mortality among 1377 male radiologists, mostly diagnos-

ticians, who had been members of specialist Societies in Great Britain during

1897-1956. It proved impossible to assess the exposure to radiation of this

group: it was simply assumed that the average dose received prior to 1921 (when

the first recommendations on radiation protection were issued) was very high,

whereas the average exposure of those registered as specialists after that date

had been within the limits recommended,

341. Mortality data were calculated from the population at risk at each age

and in each year. The expected numbers of deaths were first estimated by as-

suming that mortality might be the same as for all men in England and Wales in

the same age groups and over the same time period. Expected deaths were also

calculated according to those expected in the upper social class or in the me-

dical class as a whole, with some corrections concerning the relative mortality

of people in various social groups aged 65 or more. By similar methods the num-

ber

for

for

342.

of deaths to be attributed to all types of cancer (appropriately corrected

occupation and social class) were obtained. All the data were kept separate

radiologists registering before or after 1921.

Regarding expectation of life, observed deaths were 463, less than ex-

petted on any of the assumptions mentioned , which would have been between 499

and 525. If deaths attributable to cancer were excluded, the relative differ-

ences between observed and expected cases became more marked and approached



statistical significance. Thus, there was no evidence that occupational expo-

sure to radiation caused a detectable non–specif’ic shortening in the expecta-

tion of life. The finding should not be interpreted to mean that radiologists

have an increased life expectancy because of their profession: actually, arti-

facts due to the possible absence of particularly unhealthy individuals in the

group considered, or to insufficient corrections for social class and occupa-

tions, or to inadequacies of the standards chosen for comparison were discuss-

ed as possible sources of the slight deficiency of deaths due to causes other

than cancer.

343. As to cancer mortality, a significant excess was found among radiolo-

gists entering practice before 1921, the excess being confirmed to tumours of

the skin and pancreas (and possibly to leukemia). No excess mortality from

cancer was found in those entering radiology after 1921, although the time

elapsed up to the completion of the study was insufficient to ensure that the

cancer hazard had been totally expressed.

344. Seltser and Sartwell [s381 returned again to the problem of mortality

of American radiologists, in comparison with other medical specialists. Their

new study covered the period 1935-1958, during which the mortality experience

of 33.616 members of several United States medical specialty Societies was ana-

lysed, in order to test the hypothesis of a possible increase in mortality due

to occupational radiation exposure. The Societies were selected in such a way

that their members had a postdated high (radiologists) intermediate (inter–

nists in general) or low (ophthalmologists and otorinolaringologists ) rate of

exposure to radiation. The mortality experience in these groups conformed to

the hypothesis and the median age at death was about 5 years greater among the

lowest-exposure than the highest-exposure groups. The method followed for the

comparison was to determine person–years of exposure, specific for age and ca-

lendar time, and to relate these to mortality. There were three periods along

which comparisons were made: 1935-1944; 1945-1954 and 1955-1958.

345. Comparison of matched and paired subjects for low- and high–exposure

groups were also carried out and they gave results consistent with those of

group comparisons. The differences in mortality increased with age but de-

creased with calendar time for all except the oldest age classes. There was

no excess mortality of radiologists in the 35-49 classes of age over the per-

iod 1945-1958, suggesting that by that, time the hazards bad ~een controlled.



The increased risk of mortality was distributed over a number of assigned causes

of death. In the Societies with a postulated high exposure mortality due to can-

cer, cardiovascular-renal diseases and all other causes combined was increased.

Leukaemia showed the highest ratio of observed/expected deaths at all ages com-

bined. In general, with the exception of leukaemia and other cancers, the mor-

tality ratios were highest in the oldest groups of age. The excess of leukaemia

and all cancers combined was greatest during the last working years and the ex-

cess in other causes during the post-retirement years.

346. From the above data Seltser and Sartwell [s38] inferred that occupational

exposure to ionizing radiation on the part of radiologists had in the past pro-

duced a non-specific life–shortening effect. But the validity of this conclu-

sion depends on the demonstration that the groups compared are similar in all

respect, except for radiation exposure. The authors examined certain charac-

teristics of the samples compared such as the geographic distribution of the

groups, the region of residence, the size of the living communities, the birth-

place: none of these comparisons revealed any difference among groups. Exclu-

sion from the comparisons of the first five years after the members had joined

the Societies, in an attempt to eliminate a possible selection due to persons

with poor health not joining the profession [C27], did not modify the conclu-

sions. And the same was true for another possible cause of selection due to

the unfit persons not entering the profession with the highest radiation risk.

Factors known to affect the survivorship of other populations (smoking, diet,

alcohol consumption, family longevity) could not be tested, but were not deemed

to have caused significant differences among the population groups tested.

347. Seltser and Sartwell commented on the fact that the reduced survivial

(about 5 years) among radiologists for the years 1935-1944 was remarkably near

to that obtained by Warren [W2]. This occurred in spite of the fact that the

method used by this latter author (but not his conclusions) was criticized by

Lewis [L18] and by the sane Seltser and Sartwell [S37]. whether Warren [Wp]

reached the right conclusion with the wrong method, or not, the results from

his and from Seltser and Sartwellls study are in any case in good accordance.

348. The differences with respect to the negative findings of Court-Brown and

Doll [CP7] could first be explained, in the opinion of Seltser and Sartwell [s38],

by the methods of analysis. The absence of a comparison between medical spe–

Cialists in the British series would be a weakness, since specialist physicians



have a more favorable survival experience than males in the general population,

at least in the United States. Mso, the numerical adequacy of the British data

might be questionable, since with groups of the order of 1000 persons a life-

shortening effect of as much as 10 years could go undetected, even if present.

Other differences of substance may have regarded the more careful and earlier

adoption of safety measures in Britain than in the United States; the fact that

in Britain most radiological practice was carried out in hospitals and therefore

much of the exposure might have been taken by radiology technicians and not by

the specialists themselves; the wider use of fluoroscope than of radiography and

also the greater number of films used per radiological examination in the United

States than in Britain [V7]. It should be pointed out, however, that both the

British and the United States series agree in showing that since adoption of ra-

diation protection limitations any hazard attributable to radiation can no longer

be documented.

349. Two papers from Japan on a small group of radiology technicians were also

reported. In the first one [K17] estimates of radiation injuries such as leu-

kaemia, cancer of the skin and tumours of the inner organs were carried out but

no mention was made of life-span-shortening associated with the exposure of

this group of people. The second paper [K18] reported that during the period

193+1963 there were 52 radiology technicians dead in three Japanese prefec-

tures. The corrected death rate corresponding to this number was significantly

higher than that in the population at large employed in similar professions and

aged over 15 years in 1955. There was some tendency of the death rate to,in-

crease with increasing occupational exposure, but no correlation with the age

at which exposure first began. Except for skin cancer which was significantly

higher, other causes of death were similar in this group as in the general po-

pulation. Life expectancy in each age class was shorter than in male persons

of comparable social and working conditions which were over 15 years of age in

1951 and 1952. A life-span-shortening amounting to 6.6 years in the x-ray

technicians was found, corresponding to an estimated loss of 0.92 days/R.

350. New data on the effects of ionizing radiation or radiologists were repor-

ted in 1966 by Warren and Lombard [W4]. The study comprised 5.982 certified ra-

diologists which were compared with all IJnited States physicians in 1949-1951,

with the lJnited States male population aged over 25 years in 1950 and with a

group of 3.I76 Massachussets dentists. Although the number of certified radio-

logists increased more than three-fold from 1940 to 1960, their mean age did not
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change at all and remained between 46 and 47 years. The mean age at death of

radiologists was 55.8 years in 1934-1939; 59.3 years in 1940-1949; 64.5 years

in 1950–1959 and 70.1 years from 1960. The rate of this increase was higher

than that of the general male population, so that from 1960 on the two curves

expressing the increase in the average age at death versus time crossed with

each other. The life-shortening observed in preceding years could not be

attributed to any one cause in particular, such as leukaemia, but was the

aggregate of shorter life-spans associated with many causes of death. Leukaemia

had a higher risk (about 5 times) among radiologists than among the male popu-

lation at large, but it occurred rarely and only after a number of years of

occupational exposure. It was more common in radiologists after 40 years of

age, but more common before 40 in the general population. In recent years the

excessive incidence of leukaemia in radiologists decreased. From the above

findings Warren and Lombard concluded that radiation protection measures had

been effective in providing adequate safeguards for the radiology specialists.

351. Miller and Jablon [M27] searched for late radiation effects among men

trained as radiology technicians in the United States Army during the Second l;J

World War. The mortality experience of this group of people (6560 persons in

total) was compared over the period 1946-1963 with that of other groups trained

by the Army as pharmacy (1522 persons) or medical laboratory technologists (5304

persons). It was difficult to ascertain the radiation dose but it was concluded

from ancillary evidence, in the absence of more complete records, that they re-

ceived substantially greater radiation that did patients exposed to x rays for

diagnosis. Causes of death were investigated and in only 1 out of 16 possible

comparisons between exposed and non-exposed groups there was a statistically sig-

nificant difference of any interest in the present context. It referred to an

excess of tumours of the respiratory tract which was elevated among radiologists:

however, the difference between expected and observed values was due in part to

the low mortality rate from this cause of death in the control samples. No sig-

nificant excess of leukaemia was found among the radiographers, but in a study

of this size a two- to three-fold increase in the risk of leukaemia could have

gone undetected. No information on life-span-shortening was reported as such.

352. There was yet another report from Japan on the mortality and causes of

death of radiolo~ technicians during the period 1966-1972 [K19]. Among these

technicians affiliated to the Japanese professional association there were dur-

ing the above-mentioned period 134 deaths, a number much lower than expected,



owing probably to some inadequacy of the survey. Out of these deaths, 6 were

due to skin cancer and 2 to aplastic anemia and these numbers were significantly

higher than would be expected to occur sxnongthe population at large. Leukaemia

was found in 5 cases, in no significant difference with the number expected.

Concerning the average age at death,

logy technicians, while the expected

353. The mortality rates of United

medical specialists were re-examined

52.7 years was the value found among radio-

value would have been 48.6 years.

States radiologists in comparison with other

by the Johns Hopkins University group [M28,

M29] in two reports published in 1975 up to a total follow-up of 50 years. The

comparison regarded male members of the Radiological Society of North America

who were contrasted with fellows of the American College of Physicians and mem-

bers of the American Academy of Ophthalmology and Otolaringolofg. The information

through 1954 available from the previous study by Seltser and Sartwell [s38] was

updated for new members and decedents up to 1969. Deaths and causes of death

were traced for 99.5 per cent of the decedents. The persons under comparison

were about 30000 among all Societies for a total number of deaths of about 6500.

354. In the first paper [M28] the mortality rates from all causes were calcu-

lated by the life–table method of analysis with age- and time-adjustments of

the death rates in such a way that cumulated rates could be compared within any

10 year cohort and across societies. Mortality from all causes depended on the

decade of entry. During 1920-1939 death rates of radiologists were higher than

those of any other specialty group for both cancer and non-cancer causes. The

differential between the rates for radiologists and other specialists was lower

in the 1930-1939 cohort and it disappeared in the 1940-1949 cohort. So did the

graduation of death rate radiologists > internists > other specialists which was

noticeable in earlier periods. Removing the deaths from tumours in the 1940-

1949 cohort led to a disappearance of the difference between radiologists and

non-radiologists noticed in earlier cohorts. The all-cancer mortality rates for

radiologists were higher than those of other specialists up to the decade ending

in 1949. The next decade had not aged sufficiently to show the expected peak of

cancer mortality in the 60-64 years age group. It was pointed out that self-

Selection of the persons entering any one group and the life style after entering

the specialty would have little influence on the data: thus, the presumed radia-

tion exposure of the specialists under comparison wo~d appear as the only rea-

sonable way to explain the mortality differences and their trend over time.



355. In a companion paper [M29] the specific causes of death contributing to

the excess risk of mortality in radiologists were examined. In the 1920-1929

cohort the radiology specialists, in addition to the previously-noted cancer

mortality [M28], showed also the highest death rate for diabetes, cardiovascu-

lar-renal diseases, stroke, hypertension and suicide. After this early period

radiologists ranged highest among other comparison groups only for cancer mor-

tality. The excess of leukaemia observed in the 1920-939 cohorts subsequently

disappeared. During the same period, however, lymphoma mortality, particularly

multiple myeloma, increased significantly in radiologists entering their

profession in 1930-1949. Except for this latter finding, which was discussed

in relation to possible effects of radiation on the inmmne system, the data re-

ported confirmed and extended previous observations. The authors were aware of

the peculiarity of their findings, since American radiologists are the only hu-

man population where life-shortening effects of radiation, over and above those

related to an excess tumour induction, has been observed. They specifically

commented on this point and reaffirmed the validity of their observations. They

also added [M28] that it may be premature to state conclusively that such an ef-

fect has disappeare”d in the 1940-1949 cohort, since relatively few persons in

this cohort (193 out of 1011) had passed through the ages when mortality is

higher: examination of an additional 5–10 years period might be required to

determine whether such an effect has been reduced through a decrease of the

occupational exposure.

356. Very recently Polednak et al. [P4] reported on the mortality of a group

of women employed in the dial-painting industry in the United States. A cohort

of 634 subjects working in this industry during 1915-1929 was traced from em-

ployment lists. Mortality in these subjects was compared on the basis of death

certificates with the general mortality rate of American white females. An in-

creased death rate was observed in comparison with the expected rate in the ex-

posed population (24o cases versus 188.5 expected).

357. Bone cancer (22 causes versus 0.3), cancer of non-specified sites (18

versus 2.6), cancer of the colon (10 versus 5) diseases of the blood and haemo-

Poietic organs (4 against 1) and external causes (31 against 101) were also

increased, as compared to the

causes was also examined as a

period of observation and age

all causes and all cancers in

general population. Mortality from selected

function of the year of first exposure, time

at first exposure. The mortality ratios from

women exposed after 1925 were lower than in women



exposed in 19T5-1924, in good agreement with the fact that the work regulations

for the dial painting industry came into operation at about that time. Large-

scale measurements of radium burden on these women were begun in 1954 and an

anlysis of the relationships of radium body burden to mortality was performed

only on women alive in 1954 who had been measured at least once between 1954

and 1975. Only 36o women in the group were available for an analysis as a

function of dose and therefore the comparison with respect to cause-specific

mortality was performed between two groups only: subjects with a body burden

lower than 50 ~Ci or those with a burden of 50 or more ~Ci. Mortality ratios

from all causes higher than 1 were observed only in the groups with the higher

body burdens (1.91). Among these, all malignant tumours, bone tumours and

other unspecified neoplasms were also significantly elevated. Among women with

less than 50 pCi body burden, tumours of the large intestine were the only sig-

nificantly increased cause of death.

358. Another paper by Stehney et al. [S39] is more specifically concerned with

the possible presence in this group of women of a life-shortening effect ascrib-

able to causes other than’bone sarcoma and head carcinoma. The study was per-

formed by the life table method using age- and time-specific mortality rates for

United States white females for the comparisons. There were 1235 women exposed

before 1930: they were on average 20 years old at employment and about 44 per

cent of the persons in the group had died by the end of 1976. The observation

times thus covered a period of between 45 and 60 years. Regarding death from

all causes, 529 deaths before the age of 85 were observed versus 46I expected

and the cumulative survival of the group was significantly less than expected,

starting at 10 years after employment. When mortality rates for bone sarcoma

and head carcinoma were subtracted from the mortality rate for all causes, there

was no significant difference at the 5 per cent level in the total population

(455 cases observed against 46o expected) or at any of the time intervals con-

sidered. A correction for the effect of competing risks was also made on the

data cleaned from the radium-related tumours and the difference between observed

and expected survival was similarly non-significant also under these conditions.

When calculations on the expectation of life were performed at one year inter-

vd.s from zero to 59 years after the first employment, differences between ex-

Pected and observed mortality were again not apparent. The conclusion from

this study is that when radi~-tumour deaths are removed from the exposed sample

the average survival is indistinguishable from that of contemporary white females



362. A third series was reported by Kohn, Bailar and Zippin “[K20,Zl] on about

500 cases of cervical carcinoma treated with x rays and/or radium obtained from

two cancer registries in the U.S.A. These women were treated prior to the age of

55 and survived at least 5 years after treatment. By the time of the last report

about 38 per cent of the women had died and this fact limited objectively the

weight of the conclusions. The patients were grouped according to the stage of

the disease at the time of treatment in stage I and stages II and III, respec-

tively. There was also a grouping according to the regional dose delivered into

low (2 - 22 Mgm rad), middle (23 - 31 Mgm radj or high doses (32 - 54 @ rad)

which allowed survival to be evaluated as a function of dose. It was also re-

ported that the incidence of leukaemia appeared in these patients to be lower

than among patients treated for ankylosing spondilitis or for metropathia hemor-

ragica.

363. Indirect information of a negative nature may be derived from a study of

nearly 3000 children irradiated in infrancy to shrink their allegedly enlarged

thymus . These infants were followed in time and compared with about 5000 non-

irradiated siblings. In spite of a four-fold increase in tumours, particularly

of the thyroid, among the irradiated subjects, the report [H15] shows good agree-

ment between observed and expected numbers of death. This indicates the absence

of excess non-specific mortality, which is not surprising in view of the small

portion of the body irradiated.

36b . In 1965 Court-Brown and DoII. [c28~ reported on a sample of’14.554 persons

(12.161 mean and 2.393 w-omen) treated for ankylosing spondylitis at various ra-

diotherapy centers in Great Britain and Northern Ireland during the years 1935-

1954. These patients had been followed for periods varying from 5 to 25 years

up to the end of 1959 with reasonably good records of the treatment and adequate

follow-up information in 98 per cent of the cases were available. The number of

expected deaths in these patients if they had suffered only normal mortality

rate were computed from the numbers of person-years at risk for each sex, age-

group and calendar period and they were multiplied by the sex- and age-specific

mortality rates for each corresponding period. These calculations were perform-

ed for all causes of death, all cancers, the principal types of cancer and the

respiratory diseases. The total death rate among the patients was about 1.8

times as high as the corresponding national death rate. When the various causes

of death were analysed separately, the following observations were made.



of the same age. Thus, to the precision obtainable with such a small sample

size, only the radium-relate& tumours contributed significantly to life-shor-

tening of this population , with no evidence of non-specific effects.

c. DATA FROM RADIOTHERAPY PATIENTS

359. Doses administered to patients surviving radiotherapy are rather well

known and may be taken as the independent variable against which any possible

life–shortening could be tested. The limitations with this group of people are

due to partial-body exposure and to the possible effects of the disease initial-

ly requiring radiotherapy. The relevant data should thus be taken critically.

360. Studies reported on patients are few and all of them negative, in that

none show life-shortening attributable to radiotherapy. S4rensen [S40] studied

patients treated for cancer of the uterine cervix in 1922-1929 in Copenhagen,

surviving for at least 5 years after treatment and having been followed for the

20 years thereafter, Out of 798 eligible patients, 184 met the above require-

ments : they were 49.1 years old at the time of treatment and the average

radium treatment received was about 6500 mg-hours, equivalent to 4.4 Mgm rad.

S~rensen found that survival was not correlated with the stage of the disease

at diagnosis. Each patient lost on average 3.5 years of life by comparison with

the mortality experience of female Danish population. This excess of deaths was

exactly accounted for by patients who died during observation time for a recur-

rence of the neoplasia and there was no evidence that irradiation ~ se had—

decreased the survival rate of the patients without recurrence.

361. Newell [Nil] attempted to establish some correlation between integral

radiation dose and longevity in 217 women treated by radiotherapy at Stanford

University in 1924-1947. The patients affected by cervical carcinoma in stages

I and II had survived fro 10 or more years after treatment. Radium treatment

alone (6 Mgm rad) or radium in conjunction with x rays (37 Mgm rad) were used

in the therapy. From the data Newell concluded that no life-shortening attri-

butable to radiation had occurred in the patients. The data were also evalua–

ted independently by Kohn, Bailar and Zippin [K20] who had access to the ori-

ginal records: their conclusion was the same.



365. In the test sample (by comparison with the general population) deaths

attributable to arthritis and other forms of rheumatism were very high (about

100 times on average); deaths attributable to clinical conditions known to be

associated with ankylosing spondylitis were on average 2.9 times more common;

deaths from conditions attributable to irradiation (aplastic anemia, leukaemia,

cancers other than leukaemia) were about two times as common; deaths due to

diseases from which the mortality could be similar to that of normal population

hand a prevalence of 1.3. This latter increase regarded all conditions exzuni-

, ned and the total experience was sufficiently large for it to be highly

significant.

366. When mortality was examined as a function of the post-irradiation period,

all causes of death other than cancer and aplastic anemia were in a constant re-

lationship to the expected mortality. In contrast, for leukaemia and aplastic

anemia mortality increased within the first 5 years of observation and then fell

off; deaths for cancers of heavily-irradiated sites were increased approximately

two-fold at six or more years and Up to 15 years after treatment. Many different

types contributed to’this excess, in a rough proportion to their natural inci-

dence. Deaths from cancers originating in other lightly-irradiated tissues

were not increased significantly.

367. The interesting observation in the present context is the increase in

deaths due to non-specific causes and not grossly related to spondylitis or to

irradiation. The authors [c28] pointed out a number of reasons that might ac-

count for this finding. Firstly, non-specific deaths might contain a small

proportion of rare conditions related to spondylitis (lesions of the aortic val-

ves , regional enteritis, proneness to accidents). Secondly, patients in this

group carry other conditions known to be associated with spondylitis (amyloid

degeneration, nephritis) that might decrease resistance to non-specific causes

of death. Thirdly, the inaccuracy of the diagnoses at death, the possible ef-

fect of drugs and the use of imperfect death-rate values for the calculation

of the expected numbers of deaths were discussed as other possible reasons.

Finally, the constancy in time of the ratio between the number of deaths ob-

served other than those presumably related to radiation over the expected num-

ber calc~ated from national mortality rates suggested that the above excess

mortality was likely to be dependent on the spondylitis itself and unrelated

to the form of the treatment.



D. DATA

368. The effect of radiation on

population irradiated in 1954 was

FROM A-BOMB SURVIVORS

aging and life-shortening in a Marshallese

summarized in a report by Conard [C29]. A

number of changes connected with aging was investigated and among them the

opafication of the eye lens, the presence of chromosomal aberrations in peri-

pheral lymphocytes, immuno-haematological and nephrosclerotic changes. Regar-

ding life-shortening in particular, the number of persons exposed was too small

to allow any reliable assessment. The population under study includes in fact

a control group and two irradiated groups of 334 persons in total, exposed to

a maximum of 175 R from fission–product gamma-radiation.

369. The situation for the Marshallese series is completely at variance with

that of the A-bomb survivors in Japan, which is providing information on long-

term radiation effects, including life-shortening, that will eventually form

the most exhaustive source of data in the human species. The earliest reports

of this series are partictiarly concerned with the description of the sample

[B211 and with mortality from all causes [J5] and from specific causes up to

1960 [J6, A6].

370. The report covering the period up to 1966 [B22] was based on the T-65

dose estimates and included 16.356 deaths over about 109.000 PeoPle, comprising

irradiated and control groups. When malignant neoplasms were excluded from the

analysis, there was no evidence that radiation might aspecifically shorten life

and the excess mortality of the irradiated sample could best be explained in

terms of disease-specific effects, particularly leukaemogenesis and, more gene–

rally,

371.

lowing

cancerogenesis.

Mortality data from the Japanese sample up to 1970 [J7~ allowed the fol–

conclusions. Although late radiation effects on human mortality could

to some degree resemble non-specific manifestation of accelerated aging, the

most notable effect remained by far the induction of tumours and leukaemia. This

latter disease in the data reported was higher by an order of magnitude than

any other cause of death. The authors could not conclude with certainty for

the absence of an excess mortality, for example, from diseases of the circ~a-

tory system or from cerebrovascular conditions: but it appeared most unlikely,

if there was indeed any excess, that it could approach the excess of tumour in-

duction.



3’j’2. The problem of longevity in irradiated human populations with special

reference to A-bomb survivors up to 1972 was reviewed by Anderson [A9]. He

concluded that evidence for a tumour-independent shortening of life was equi-

vocal and, in his opinion, this experience would be at variance with other

reported experience in man. For this reason, judgement on the interpretation

of the Japanese data should be reserved pending further evidence. However,

from their review of thirty years experience with the A-bomb survivors [022,

Finch and Beebe [Fl] could find no convincing evidence for a generalized in-

crease in mortality from natural causes other than cancer, in contrast with

the requirements of the hypothesis of accelerated aging.

373. A re-examination of the mortality experience of A-bomb survivors up to

September 1974 was performed by Beebe, Land and Kato [B6]. The number of

deaths from non-neoplastic diseases, whose increment could in principle be

suggestive of a non-specific life-shortening, was at the time about 14.000

among 82.000 survivors. In the irradiated sample, cerebrovascular diseases,

other circulatory diseases and diseases of the digestive system showed no evi-

dence of an increase. Deaths from diseases of blood or blood-forming organs

were apparently increases, but diffictities with the diagnosis made this fin-

ding uncertain. All other non-neoplastic conditions were apparently unaffected.
,,,

374. When all diseases except tumours and diseases of the haemopoietic system

were pooled together, their combination produced no further evidence of a re-

lationship to radiation dose. Although the sample group in the Life Span Study

could indeed be regarded as a highly selected group, there was no evidence that

selection due to survival from early effects, as suggested by others [S41, RIO],

might have favorably influenced the subsequent mortality. It was concluded

therefore that the views that ionizing radiation may cause premature aging in

man or that the carcinogenic effect is only a part of a more genera accelera-

tion of aging find no support in the Japanese experience: radiation effects

on long-te~ mortality do not appear diffuse but rather specific and focal and

principally cancerogenic.

375. The latest available analysis of the mortality experience of Hiroshima

and Nagasaki survivors shofld also be reported for completeness [B23, B24],

although the information contained in them is essentially that discussed in

Beebe, Land and Kato rB6~. These contributions showed that age-specific
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Death rates (per 100.000 persons per year)
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duting the pepiod 1950-1974, plotted for each 4-year period separately
for the group receiving 100+ Pad (heavy line) or o-9 rad (light line).

from all diseases
in Hiroshima and Nagasaki,

,...

The rates were adjusted fo? city &d sex mithin time pe>ods.
Data from Beebe, Kato and Land [B24].

death rates for all non-tumorous causes (taken at 4 years intervals and ad-

justed for city and sex within each time period) separately calculated for the

group receiving O-9 rad and that exposed to 100+ rad were superimposable (see

Figure XVII). ~is finding, as repeatedly pointed out, cannot be reconciled

with the hypothesis that radiation may accelerate natural aging, but rather

shows that any life-shortening present in the sample is associated with cancer

induction.

376. The contrast between the Japanese data and the data on occupational ex-

posure of American radiologists and their mortality prior to 1950 was specifi-

cally discussed in the last publications [B23, B24], particularly in view of

the most recent evidence of Matanoski et al. [M28, M29] (see paragraphs 353-355).

It was pointed out that either the contrast groups in the occupational expe–

rience (radiologists against other medical specialists) were confounded by

factors other than irradiation or that there are intrinsic differences in the



nature of the radiation exposure between the Japanese survivors and in the

United States radiologists. Since the latter hypothesis would be against a

massive body of evidence collected on other msmmals , one should logically be

inclined to favour the first interpretation, particularly in view of the much

more reliable experience from Japan , which is now based on about 20.000 deaths

mong about 80.000 A-bomb survivors with known T-65 doses.

377. NIention should also be made of an up–to-date report concerning the mor-

tality experience of children exposed in utero to”the A-bombs [K21]. There were——

203 deaths among 1923 subjects during 1945-1976. The mortality ratio increased

with dose in both cities. The increase was linear with dose in children dying

within the first year of exposure; but there was no increase between 1 and 9

years and only the suggestion of a further increase after 10 years of age. The

excess mortality was significant only for children exposed during the third tri-

mester of pregnancy, but loss of the embryos and foetuses might have been pre-

sent in an unknown percentage of pregnancies before term. Regarding the cau-

ses of death, for 55 of Z03 children no information was available and the sample

size is yet too small and too young for any conclusion about a possible excess

death from non–specific causes.

D. CONCLUSIONS

378. The data on occupationally-exposed groups of workers do not lend them-

selves to complete dose-effect analysis and, in the absence of precise dose

evaluations , conclusions must rely on comparisons between groups of exposed

and non-exposed individuals. Under these circumstances, the homogeneity be-

tween the control and the test samples is critical because in many series the

effects are marginal and their statistical significance may depend on the

choise of controls.

379. The data on radiologists leave no doubt that particularly in the early

days of radiology leukaemia and cancer were indeed induced in these persons.

Observations in favour of this conclusion have been confirmed in all studies

rD9, W2, w3, C27, s38, w4, M28, M29]. However, in some instances a higher

incidence of neoplastic conditions was not accompanied by an increased death

rate and shortening of life [D9, C271, while in others [W2, W3, s38, W~] there

was a true loss of life amounting to 5 to 6 years, following exposure for the



whole working life. Not all of this life-shortening may be accounted for by

leukaemia and cancer induction, and other non-neoplastic conditions contri-

buted to it. There is no way to derive from the data, since there is no know:

ledge of dose, an approximate value of the life-shortening per unit dose.

There is unanimity in the conclusion that the induction of neoplastic condi-

tions, accompanied or not by life-shortening, has disappeared in more recent

years, presumably after the adoption of radiation protection measures.

380. True shortening of life has only been seen in the series from the United

States. Reasons to justify the absence of life-shortening among British radio-

logists have indeed been given and the absence of effect could be accourted for

by objective reasons and on methodological grounds. It has been pointed out

that with samples of the order of 1000 persons prevalence rations of the order

of 2 to 3 for leukaemia and life-shortening effects of the order of 5 to 6

years can hardly be resolved. It should also be realized that induction of neo-

plasia is not necessarily linked to life-shortening. Within the large limits

of variation cited above excess mortality ratio of 1.5 to 2.0 could be compen-

sated by a lower rate of “death from other causes, leaving the death ratio from

all causes unchanged with respect to controls [sb2].

381. In spite of the small samples size (about 1200 persons) the data on the

mortality experience of dial painters convincingly showed that the only causes

of death significantly contributing to the life-span-shortening in these women

are bone sarcoma and carcinoma of the head sinuses, tumours known to be specific
226 228risks for Ra and Ra exposure. To the precision possible with such sample

size, therefore , non-specific mortality was not seen, in spite of the known pre-

sence of non-stochastic injury in these subjects, for example, in the bone. On

the other hand, exposure Uder these conditions was localized and not extended

to the whole body.

382. The experience on the radiology technologists, both from Japan and from

the United States, is considerably more limited (and therefore much less signi-

ficant) than that on radiology specialists. However, on the whole, it does not

appear in contrast with the latter. Here again, induction of leukaem.ia and of

some forms of cancer induction were often seen [K17, K18, M27, K19]; in one

case life-shortening was reported [K18], but not in others.



that

than

387.

applying to the surveys on occupationally-exposed people

that carried by the studies on A-bomb survivors.

Induction of leukaemia and of a variety of tumours has

and much less

been throughout

the years the experience of the Japanese survivors of the A-bombs. These pa-

thological conditions have produced some shortening of life, whose magnitude

can be accourted for entirely on their basis. The absence of non-specific

life-shortening among A-bomb victims is undisputable not only because this

conclusion has been confirmed during more than thirty years, but because the

sample size (and therefore the accuracy of the finding) leaves little margin

for other conclusions.

388. The negativity of this survey is remarkable for a number of reasons.

Firstly, the quality of the radiaton received: at least in the case of Hiro-

shima, this had a substantial neutron component and therefore, in accordance

with the evidence discussed under paragraphs 192-213, it could have been ex-

pected to be considerably more effective. Secondly, the modality of the ir-

radiation (acute, high douse-rate) would be expected to produce a maximum of

life-shortening by comparison, for “example, with the low-dose-rate occupatio-

nal exposures. Thirdly, the absolute amount of radiation absorbed over the

whole body (or the order of 100 rad or more) which should also have produced

a substantial life-shortening effect. But since there is no evidence to sup-

port the hypothesis that a selection of the early survivors might have favora-

bly influenced the subsequent long-term mortality experience [RIO], the con-

clusion must be accepted that Up to the present time there is in this large

sample of persons no evidence of a diffuse non-specific effect of life-shor-

tening. Any long-term effects are, on the contrary, very specific, focal and

essentially cancerogenic.

389. In conclusion, the evidence concerning a non-specific radiation-induced

life-shortening effect in man has been shortly reviewed in the preceding para-

graphs. This review has produced essentially negative answers, except for the

old American radiologists. The data from this group of people are, however,

in contrast with a massive body of data in experimental animals where such a

non-specific effect, particularly at low-medium doses of radiation, cannot be

substantiated. What is more, the data on the American radiologists are also in

sharp contrast with the much larger and more reliable experience on the A-bomb



383. What may safely be concluded from the data on occupationally-exposed

people is that of neoplastic diseases, particularly leukaemia and skin cancer,

are real effects, particularly in old radiologists. Some life-span reduction

may also have been present in old radiologists who were presumably exposed to

very high doses; however, this effect was reported unanimously to have dis-

appeared in more recent years in radiology specialists entering their profession

after the radiation protection rules have been in operation. If this conclu-

sion is true, it should logically follow that within the range of doses recom-

mended since that time (that is for exposure rates lower than 1 R/week as a

maximum) no reduction of life–span can be expected and any residual prevalence

of leukaemia and t~”our induction would be insufficient to cause an appreciable

shortening of life in the human species.

384. In principle, radiotherapy patients have a number of favorable charac-

teristics of epidemiological studies (knowledge of the dose, good standard of

medical follow-up) which might counterbalance some negative aspects (small

samples, death associated with the primary disease). In practice, the three

small series available on women surviving radiotherapy for uterine cancer [S40,

Nil, zI] have yielded negative answers in respect to life-shortening. The size

of these surveys is certainly inadequate for any firm conclusion, but a negative
,:,

finding would not be unexpected under conditions where only a small fraction of

the body was irradiated. It is known from animal experimentation that life-

shortening is less likely to be observed after partial–body exposure (see

paragraphs 314-324).

385. The experience on the ankylosing spondylitis patients [c28] does show

at a first sight a small but significant prevalence of unspecific mortality.

However, a more thorough analysis of the causes of death, discussion of the

epidemiological evidence and consideration of the time–course of the excess

mortality raise some doubt on the reality of this observation. On these

grounds a dependence of the excess non-specific mortality on the spondylitis

itself cannot be rejected and thus the survey seems inadequate to validate the

existence of a radiation-induced non-specific shortening of life.

386. On the whole, therefore, the evidence coming from radiotherapy patients

is negative for the presence of the life-shortening effect under discussion.

Naturally, the weight to be attached to these data is relatively smaller than



a

survivors where any life-shortening action observed over more tha~ 3C years

can reasonably and entirely be accounted for by the induction of neopiastic

conditions. And the differences of exposure between the United States radio-

logists and the A-bomb survivors were such tha,t, on the basis of”general ra-

diobiological knowledge, non-specific life–shortening would rather have been

expected from the latter than from the former series.

390. Pending further evidence therefore, it should be concluded that radia-

tion-induced life-shortening in man is essentially due to the induction of

specific neoplastic conditions. Non-specific effects on the life-span, sug–

gested in one instance, have not been proven beyond doubt: the weight of

these data is therefore insufficient to modify the above conclusions.



REFERENCES

Al Alexander, P. Accelerated aging: long-term effect of exposure to ionizing
radiations. Gerontologia 1: 174-193 (1957).

A2 Andersen, A.C. and L.S. Rosenblatt. The effect of whole-body x-irradiation
on the median life-span of female dogs (beagles). Radiat. Res. 39: 177-200

(1969).

A3 Alexander, P. and D.I. Connell. Differences between radiation induced

life-span shortening in mice and normal aging as revealed by serial killing,
p. 277-283 in Cellular Basis and Aetiology of Late Somatic Effects of
Ionizing Ra~ations (R.J.C. Harris, cd.). Academic Press, New York, 1963.

A4 Alexander, P. and D.I. Connell. Shortening of life-span of mice by irra-
diation with x-rays and treatment with radiomimetic chemicals. Radiat.
Res. 12: 38-48 (1960).

A5 Anderson, R.E. Aging in Hiroshima atomic bomb survivors. Arch. Pathol.

79: I-6 (1965).

A6 Anderson, R.E. Aging, p. 567-571 in Symposium on the delayed consequences
of exposure to ionizing radiation.‘Pathology studies at the ABCC, Hiroshima
and Nagasaki, 1945-1970. Hum. Pathol. 2: 469-573 (1971).

A7 Ainsworth, E.J., R.J. Fry, P.C. Brennan et al. Life-shortening neoplasia
and systematic injuries in mice after single or fractionated doses of neutron
or gamma radiation, p. 77-92 in Biological and Environmental Effects of Low- ::

Level Radiation, Vol. I. IW—publication STI/PUB/409. Vienna, 1976.

A8 Andrews, H.L., D.C. Peterson and D.P. Jacobus. Studies on the effects of
chemical protective compounds in mice at low-radiation dose rates. Radiat.
Res. 23: 13-18 (1964).

A9 Anderson, R.E. Longevity in radiated human populations, with Partic~ar
reference to the atomic bomb survivors. h. J. Med. 55: 643-656 (1973).

AlO Anderson, R.E. and N.L. Warner. Ionizing radiation and the immune response.
Adv. hmunol. 24: 215-335 (1976).

B1 Brues, A.M. and G.A. Sacher. Analysis of mammalian radiation injury and
lethality. p.441-465 in Symposium and Radiobiology (J.J. Nickson, cd.).
John Wiley and Son, N~ York, 1952.

B2 Blair, H.A. Formulation of the injury, life–span, dose relations for
ionizing radiations. I. Application to the mouse. Report UR-206,
Rochester University, New York, 1952.

B3 Blair, H.A. A formulation of the injury, life-span, dose relations for
ionizing radiations. II. Application to the Guinea-pig, rat and dog.
Report UR-207, Rochester University, New York, 1956.

B4 Blair, H.A. Data pertaining to shortening of life-span by ionizing
radiation. Report UR-442, Rochester University, New York, 1956.



B5

B6

B7

B8

B9

BIO

B1 1

B12

BI3

B14

B15

B16

B17

B18

B19

B20

Blair, H.A. A formulation of the relation between radiation dose and
shortening of life–span, p. 118-120 in Peaceful Uses of Atomic Energy,
Vol. II. United Nations, New York, =56.

Beebe, G.W., C.E. Land and H. Kate. The hypothesis of radiation-

accelerated aging and the mortality of Japanese A–bomb victims, P. 3–37
in Late Effects of Ionizing Radiation. Proceedings of a Symposium, Vienna

~rch 1978. ImA publication STI/PUB/489. Vienna, 1978.

Belsky, J.L., T.M. Morizama, S. Fujita et al. Aging studies in atomic
bomb survivors. RERF Technical Report 71-78 (1978).

Boone, I.U. Effects of partial-body and whole-body x-irradiation on
life-span and tumour incidence of CF1 mice. Radiat. Res. 11: 474 (1959).

Boone, I.U., G. Trafton, L. Conklin et al. Effects of partial- and
whole-body x-irradiation on life-span and tumour incidence of CFI mice.
US ~amos Scientific Laboratory report LA-2445-MS (1960).

Brown, D.G. and T.R. Noonan. Late somatic effects of whole-body gamma
radiation on burros, p. 56-58 in Bureau of Radiological Health report
ORO-754 (1977).

—

Boche, R.D. Effects of chronic exposure to x-radiation on growth and
survival, p. 222-252 in Biological Effects of External Radiation
(H.A. Blair, cd.).. M~raw-Hill, New York, 1954.

Brooks, A.L., S.A. Benjamin and R.O. McLellan. Toxocity of 9osr _ 90Z

in Chinese hamsters. Radiat. Res. 57: 4’i’I-481(1974).

Burykina, L.N. Late effects of
90

Sr in dogs, p. 232–250 in Late Effects
of Radiation. Atomizdat, Moscow, 1971 (in Russian). —

Bensted, J.P.M., D.M. Taylor and F.D. Sowby. The carcinogenic effects
of americium-2hl and plutonium-239 in the rat. Brit. J. Radiol.

38: 920-925 (1965).

Buldakov, L,A., A.P. Nifatov and R.A. Yerochin. On the biological action
of Pu-239 after chronic peroral intake, p. 355-365 in Late Effects of
Radiation. Atomizdat, Moscow, 1971 (in Russian). —

Bair, W.J. Toxicology of Plutonium. in Advances in Radiation Biology,
Vol. 4 (J.T. Lett, H. Adler and M. Zefie, eds.). Academic Press,
New York, 1974.

Bustad, L.K., N.M. Gates, A. Ross et al. Effects of prolonged low-level
irradiation of mice. Radiat. Res. 25: 318-330 (1965).

Bond, V.P. and T. Sugahara. Comparative cellular and species radio-
sensitivity, Igaku Shoin, Tokyo, 1969.

Boone, I.U., G. Trafton, L. Conklin et al. Effect of sublethal whole-
body irradiation at different age levels. Los Alamos Scientific Labo-
ratory report LA-2445-MS (196o).

Boone, I.U. Chronic effects of sublethal whole–body x–irradiation of
CF1 mice at different age levels. Radiat. Res. 12: 424 (1960).



B21

B22

B23

B24

cl

C2

C3

C!4

C5

C6

C7

C8

C9

Clo

Cll

C12

Beebe, G.W., M. Ishida and S. Jablon. Studies of the mortality of

A-bomb survivors. I. Plan of study and mortality in the medical
sub-sample (Selection I), 1950-1958. Radiat. Res. 16: 253-280 (1962).

Beebe, G.W., H. Kato and C.E. Land. Studies of the mortality of
A-bomb survivors. IV. Mortality and radiation dose, 1950-1966.
Radiat. Res. 48: 613-649 (1971).

Beebe, G.W., H. Kato and C.E. Land. Studies of the mortality of
A-bomb survivors. VI. Mortality and radiation dose, 1950-1974.
Radiat. Res. 75: 138-201 (1978).

Beebe, G.W., H. Kato and C.E. Land. Mortality experience of atomic
bomb survivors, 1950-1974. Technical report RERF-TR-1-77 (1977).

Comfort, A. Natural aging and the effects of radiation. Radiat. Res.
S1.lppl.1: 216-234 (1959).

Casarett, G.W. Concept and criteria of radiologic aging, p. 189-205
in Cellular Basis and Etiology of Late Somatic Effects of Ionizing
%diation (R.J.C. Harris, cd.). Academic Press, London, 1963.

Cottier, H. Strahlenbedingte Lebenverkuerzung. Springer-Verlag,
Berlin, 196I.

Coggle. J.E. and C. Proukakis. The effects of age on the bone marrow
cellularity of the

Covelli, V. and P.
poietic stem cells

mouse. Gerontologia 16: 25-29 (1970).

Metalli. A late effect of radiation on the haemo-
of the mouse. Int. J. Radiat. Biol. 23: 83-89 (1973).

Casarett, G.W. Acceleration of aging by ionizing radiation. University
of Rochester report UR-492 (1957).

Casarett, G.W. Similarities and contrasts between radiation and time
pathology. Adv. Gerontol. Res. 1: 109-163 (1964).

Curtis, H.J. and K.L. Gebhard. Radiation-induced aging in mice,

P. 53-56 &Peaceful Uses of Atomic Energz. United Nations, Geneva, 1958.

Curtis, H.J. and K.L. Gebhard. Comparison of life shortening effects
of toxic and radiation stresses. Radiat. Res. 9: 104 (1958) (Abstract).

Curtis, H.J. and R. Healey. Effects of radiation on aging, p. 26I in
Advances in Radiobiolo~ (G.C. deHevesy, A.G. Forssberg and J.H. A~ott,
eds.). Oliver and Boyd, Edinburgh, 1957.
b

Conklin, J.W., A.C. Upton, K.W. Christenberry et al. Comparative late
somatic effects of some radiomimetic agents and x-rays. Radiat. Res.
19: 156-168 (1963).

Clapp, N.K., E.B. Darden, Jr. and M.C. Jernigan. Relative effects of
whole–body sublethal doses of 60-MeV protons and 300-kVp x-rays on
disease incidence in RF mice. Radiat. Res. 57: 158-186 (1974).



C13 Covelli, V., P. Metalli, G. Briganti et al. Late somatic effects in

syngeneic, radiation chimeras. II. Mortality and rate of specific
diseases. Int. J. Radiat. Biol. 26: 1-15 (1974).

C14 Covelli, V., M. di Paola, B. Bassani et al. Observations on late effects
in mice exposed to 400–MeV neutrons. Int. J. Radiat. Biol. 29: 439-453

(1976).

C15 Clapp, N.K. Ovarian tumour types and their incidence in intact mice
following whole-body exposure to ionizing radiation. Radiat. Res.
74: 405-414 (1978).

C16 Casarett, G.W. Pathological changes after protracted exposure to low
dose radiation, p. 85-Ioo in Late Effects of Radiation (R.J.M. Fry,
D. Grahn, M.L. Griem et al= eds.). Taylor and Francis, London, 1970.

C17 Curtis, H.J. and K. Gebhard. The relative biological effectiveness of
fast neutrons and x-rays for life-shortening in mice. Radiat. Res.

9: 278-284 (1958).

C18 cole, L.J., P,C. Newell and J.S. Arnold. Late effects of x-irradiation
The influence of dose fractionation on life-span, leukemia and nephro-
sclerosis incidence in mice. Radiat. Res. 12: 173-I85 (1960).

C19 Curtis, H.J., J. Tilley and C. Crowley. The cellular differences
between acute and chronic neutron and gamma-ray irradiation in mice,

P. 143-155 in Biological Effects of Neutron and Proton Irradiations,
Vol. II. I= publication STI/PUB/80. Vienna, 1964.

C20 Cosgrove, G.E., A.C. Upton, L.H. Smith et al. Radiation glomerulo-
sclerosis and other effects: influence of radiological factors and
AET . Radiat. Res. 25: 725-735 (1965).

C21 Carlson, L.D., W.J. Scheyer and B.H. Jackson. The combined effects of
ionizing radiation and low temperature on the metabolism, longevity -
and soft tissue of the white rat. I. Metabolism and longevity.
Radiat. Res. 7: 190-197 (1957).

C22 Carlson, L.D. and B.H. Jackson. The combined effects of ionizing
radiation and high temperature on the longevity of the Sprague-Dawley
rat. Radiat. Res. 11: 509-519 (1959).

C23 Cosgrove, G.E., A.C. Upton, C.C. Congdon et al. Late somatic effects
of x-radiation in mice treated with AET and isologous bone marrow.
Radiat. Res. 21: 550-574 (1964).

c24 Chen, L. Studies on the relationship between thymus regeneration and
lymphoma prevention in C57BL/6 mice irradiated and injected with
syngeneic spleen cells. Int. J. Cancer 7: 491-498 (1971).

C25 Cosgrove, G.E. and A.C. Upton. Some delayed effects of partial body
irradiation in mice of the RF strain. Int. J. Radiat. Biol. 4: 97-103

(1961).



r

c26 Carsten, A.L. and R.J. M. Innes. The effects of partial-body irra-

diation on delayed responses. Ann. N.y. Acad. Sci. ~1~: 316-3z7 (1964).

C27 Court-Brown, W.M. and R. Doll. Expectation of life and mortality from
cancer among British radiologists. Brit. Med. J. 2: 181-187 (1958).

c28 Court-Brown, W.M. and F?.Doll. Mortality from cancer and other causes
after radiotherapy for ankylosing spondylitis. Brit. Med. J.

2: 1327-1332 (1965).

C29 Conard, R.A. Effects of ionizing radiations on aging and life-shortening
in human populations. Front. Radiat. Ther. Oncol. 6: 486-498 (1972).

C30 Covelli, V., V. di Majo, B. Bassani et al. Life-span and spontaneous
tumou.m in mice with high and low antibody response (Biozzi mice).
Brit. J. Cancer 38: 472-475 (1978).

C31 Cutler, R.G. Cross linkage hypothesis of aging: DNA adducts in chromatin
as a primary aging process, p. 443-492 in Aging, Carcinogenesis and
Radiation Biology (K.C. Smith, cd.). ~enum Press, New York, 1976.

D1

D2

D3

D4

D5

D6

D7

D8

Darden, E.B., G.E. Cosgrove, A.C. Upton et al. Late somatic effects in
female RF/Un mice irradiated with single doses of 14-MeV fast neutrons.
Int. J. Radiat. Biol. 12: 435-452 (1967).

Denko, J.D., EiL. Simmons and R.W. Wissler. The histopathology of
delayed death in irradiated mice treated with homologous cells.
Radiat. Res. 11: 557-571 (1959).

Davis, M.L., A.C. Upton and L.C. Satterfield. Growth and senescence of
the bone marrow stem cell pool in RFM/Un mice. Proc. Sot. Exptl. Biol.
Med. 137: 1452-1458 (1971).

Dunjic, A. Shortening of the span of life of rats by “Myleran”. Nature
203: 887-888 (1964).

Dougherty, T.F. and C.W. Mays. Bone cancer induced by internally-deposited
emitters in beagles, p. 361-367 in Radiation-Induced Cancer. IAEA pub-
lication sTI/PuB/228. Vienna, 1%9.

Doull, J., V. Plzak and J. Cowan. Pharmacological and toxicological
compounds as protective or therapeutic agents against radiation injury
in experimental animals. The effect of chemical protection of life-span
shortening in x-irradiated mice. U.S. Air Force Radiation Laboratory
Quarterly Progress Report No. 47 (1963).

Eunjic, A., J. Maisin, P. Maldague et al. Incidence of mortality and
dose-response relationship following partial-body x-irradiation of
the rat. Radiat. Res. 12: 155-166 (1960).

,..
Dublin, L.I. and M. Spiegelman. The longevity and mortality of American
physicians 1938-1942. A preliminary report. J. Am. Med. ASSOC.
134: 1211-1215 (1947).

,..?,:

D9 Dublin, L.I. and M. Spiegelman. Mortality of medical specialists
1938-1942. J. Am. Med. Assoc. 13’7: 1519-1524 (7948).



El

E2

E3

E4

F1

F2

F3

F4

F5

F6

F7

F8

F9

G1

G2

Eyring, H. and B.J. Stover. The dynamics of life. I. Death from internal

irradiation by 239-Pu and 226-Ra, aging, cancer and other disease. Proc.

Natl. Acad. Sci. (USA) 66: 132-139 (1970).

Evans, T.C. Effects of small daily doses of fast neutrons on mice.
Radiology 50: 811-833 (1948).

Evans, T.C. The fast neutron hazard. Nucleonics 4: 2-8 (1949).

Elkind, M.M. and G.F. Whitmore. The Radiobiology of Mammalian Cells.
Gordon and Breach, New York, 1967.

Finch, S.C. and G.W. Beebe. Review of thirty years study of Hiroshima
and Nagasaki atomic bomb survivors. F. Aging. J. Radiat. Res., Suppl.
16: 108-121 (1975).

Furth, J., A.C. Upton, K.W. Christenberry et al. Some late effects in
mice of ionizing radiation from an experimental nuclear detonation.
Radiology 63: 562-569 (1954).

Finkel, M.P. and B.O. Biskis. Experimental induction of osteosarcomas.
Prog. Exp. Tumour Res. 10: 72-111 (1968).

Failla, G. and P. McClement. The shortening of life by chronic whole–body–
irradiation. Am. J. Roentegnol. Radium Ther. Nut. Med. 78: 946-945 (1957).

Finkel, M.P., P.O. Biskis and G.M. Schribner. The influence of
90

Sr upon
life-span and neoplasms of mice, p. 199-209 in Progress in Nuclear Energy,
Series VI, Vol. II, Biological Sciences, Per~~on Press, Oxford, 1959.

Finkel, M.P. and B.O. Biskis. Toxicity of plutonium in mice. Health
Phys. 8: 565-579 (1962).

Fritz, T.E., W.P. Norris, D.W. Tone et al. Relationship of dose-rate
and total dose to responses of continuously irradiated beagles, p. 71-82
in Late Biologica Effects of Ionizing Radiation. Proceedings of a
~~posium, Vienna, March 1978. IAEA publication STI/PUB/489. Vienna, 1978.

Friedberg, W., G.D. Hanneman, D.N. Faulkner et al. Fast neutron
irradiation of mouse embryos in the pronuclear zygote stage: mortality
curves and neoplastic diseases in 30 days post-natal survivors. Proc.
SOC. Exptl. Biol. Med. 151: 808-81O (1976).

Faber, M. Radiation carcinogenesis and the significance of some physical
factors, p. 149-159 in Radiation-Induced Cancer. IAEA publication
sTI/PuB/228. Vienna~1969.

Grahn, D. and G.A. Sacher. Fractionation and protraction factors and
the late effects of radiation in small mammals, p. 2.I-2.27 in

Proceedings of a Symposium on Dose Rate in Mammalian Radiati~ Biology
Oak Ridge, Tennessee, 1968. U.S. Atomic Energy Commission report
CONF-680410 (1968).

Gowen, J. W. and J. Stadler. Life spans of different strains of mice as
affected by acute irradiation with 100-kVp x-rays. J. Exptl. Zool.
132: 133-155 (1956).



G3

G4

G5

G6

G7

G8

G9

GIO

Gil

G12

GI3

G14

GI5

G16

Grahn, D. and G.A. Sacher. Chronic radiation mortality in mice after
single whole-body exposure to 250- 135- and 80-kvp x-rays. Radiat. Res.

8: 187-194 (1958).

Grahn, D. Genetic control of physiological processes: the genetics of
radiation toxicity in animals, p. 181-200 in Radioiosotpes in the
Biosphere. University of Minnesota, Minne~olis, 1960.

Grahn, D., R.J.M. Fry and R.A. Lea. Analysis of survival and cause of
death statistics for mice under single and duration-of-life gamma
irradiation, p. 175–186 in Life Sciences and Space Research. Akademie

Verlag, Berlin, 191’2. —

Grahn, D. Biological effects of protraction low-dose radiation exposure
of man and animals, p. 101-136 in Late Effects of Radiation (R.J.M. Fry,
D. Grahn, M.L. Griem et al., ed~). Taylor and Francis, London, 1970.

Gray, L.H. Radiation biology and cancer, p. 7-25 in Cellular Radiation—
Biology. Williams and Wilkins Co., Baltimore, 1965.

Gowen, J.W. Effects of whole-body exposure to nuclear or x-ray energy
on life-span and life efficiency, p. 105-109 in Peaceful Uses of Atomic
Ener~, Vol. 11. United Nations, New York, 1=6.

Grahn, D., G.A. Sacher and K.F. Hamilton. Uniformity of life-shortening
among genetically-different mice under daily gamma radiation. Radiat.

Res. 19: 239 (1963).

Grahn, D. The genetic factor in acute and chronic radiation toxicity,
p. 39+-399 in Proceedings of the Second United Nations International
Conference ~the Peaceful Uses of Atomic Energy, Vol. 22. United Nations,
New York, 1958.

Gowen, J.W. and J. Stadler. Life spans of mice as affected by continuing
irradiation from cobalt-60 accumulated ancestrally and under direct irra-
diation. Genetics 50: 1115-1142 (1964).

Grahn, D. Genetic variations in the response of mice to total-body
x-irradiation. I. Body weight response in six inbred strains. J. Exp.
ZOO1. 125: 39-61 (1954).

Gambino, J.J., L.R. Bennett, M.S. Billings et al. Biological effect of
stress following ionizing radiation. Aerospace Med. 35: 220-224 (1964).

Gorini, G., L. Adorini, D. Boraschi et al. Effects of whole-body irradia-
tion on antibody affinity. Immunology 33: 373-380 (1977).

Gerber, G.B. The role of connective tissue in late effects of radiation
p. 698-705 in Radiation Research (S. Okada, M. Imamura, T. Terasima et al.,
eds.). Top~m Printing Co. Tokyo, 1979.

Grahn, D., G.A. Sacher, R.A. Lea et al. Analytical approaches to an inter-

pretation of data on time, rate and cause of death of mice exposed to ex-
tern~ gamma irradiation, p. 43-58, Vol. II, &.Late Biological Effects
of Ionizing Radiation. Proceedings of a Symposium, Vienna, March 1978.
IAEA publication sTI/PuB/~89. Vienna, 1978.



HI

H2

H3

H4

H5

H6

H7

H8

H9

H1O

HI1

H12

H13

H14

HI5

Henshaw, P.S. Experimental roentgen injury. IV. Effects of repeated small

doses of x–rays on the blood picture, tissue morphology and life span in
mice. J. Natl. Cancer Inst. 4: 513-522 (1944).

Heel, D.G. and H.E. Walburg. Statistical analysis of survival experiments.
J. Natl. Cancer Inst. 49: 361-372 (1972).

Henshaw, P.S. Radiologic life shortening, senescence and carcinogenesis.
Radiology 78: 523-529 (1962).

Heel, D.G. A representation of mortality data by competing risks. Bio-
metrics 28: 475–488 (1972).

Hursh, J.B., T.R. Noonan, G. Casarett et al. Reduction of life-span of
rats by roentgen irradiation. Am. J. Roentgenol. Radium Ther. Nucl. Med.
74: 130-134 (1955).

Henshaw, P.S. Comparative late effects of periodic doses of fission
neutrons and of gamma rays. Report MDDC-1253, MonH-115. Oak Ridge,
Term., 1946.

Henshaw, P.S., E.F. Riley and G.E. Stapleton. The biologic effects of
pile radiations. Radiology 49: 349-36o (1947).

Hupp, E.W., J.W. Austin., G.W. Krise et al. Survival of spanish goats
exposed to continuous or acute irradiation. Int. J. Radiat. Biol.
20: 475-484 (1971).

Hupp, E.W. Effects of continuous life-time irradiation of spanish goats,
p. 113-126 in Biological and Environmental Effects of Low-Level Irra-
diation, Vo~ I. IAEA publication STI/PUB/409. Vienna, 1976.

Holland, J.M. and T.J. Michell. The relationship of strain, sex and
body weight to survival following sub-lethal whole-body x-irradiation.
Radiat. Res. 66: 363-372 (1976).

Heroux, O. and J.S. Campbell. A study of the pathology and life-span
of cobald-60 and 30°C-acclimatized rats, p. 200 in Biological Aspects of
Aging (N.W. Shock, cd.). Columbia University Pr~s, New York, 1962.

Hornsey, S. Fertility and life-span of mice protected by hypothermia
against total-body irradiation. Gerontologia 3: 136-138 (1959).

Holland, J.M., T.J. Mitchell and H.W. Walburg. Effects of prepubertal
ovariectomy on survival and specific diseases in female RFM mice given

300 R of x-rays. Radiat. Res. 69: 317-327 (1977).

Hamilton, K.F., G. Sacher and D. Grahn. A sex difference in mouse
survival under daily gma irradiation and its modification by gona-
dectomy. Radiat. Res. 18: 12-I6 (1963).

Hemplemann, L.H., W.J. Hall, M. Phillips et al. Neoplasms in persons
treated with x-rays in infancy: fourth survey in 20 years. J. Natl.
Cancer Inst. 55: 519-530 (7975).



‘ Hopewell, J.W. The importance of vascular effects in the developmentHlb

H17

11

12

13

JI

J2

J3

J4

J5

J6

K2

of late radiation damage, p. 680-687 in Radiation Research (S. Okada,
M. Imamura, T. Terasima et al., eds.)~ Toppan Printing CO. Tokyo, 19’79.

Hart, R.W. Role of DNA repair in aging, p. 537–556 &king, Carcino-
genesis and Radiation Biology (K.C. Smith, cd.). Plenum Press, New

York, 1976.

International. Commission on Radiological Protection. Radiosensitivity
and spatial distribution of dose. Report prepared for Committee 1 of
the International Commission on Radiological Protection, ICRP Publica-
tion 14. pergamon press, Oxford, 1969.

Ilbery, P.L.T. Prevention of radioleukaemia by lymph node shielding.
Nature 215: 655-656 (196’7).

Iberall, A.S. Quantitative modelling of the physiological factors in
radiation lethality. Ann. N.Y. Acad. Sci. 147: I-81 (article 1) (1967).

Jee, W.S.S., D.R. Atherton, F. Bruenger et al. The current status of

Utah long-term Pu-239 studies, p. 79-94 in Biological and Environmental
Effects of Low-Level Radiation, Vol. II.‘IAEA publication STI/PUB/409.
Vienna, 1976.

Johnson, H.A. Age and sensitivity to radiation life-shortening. Radiat.
Res. 23: 19-25-(1964).

Jones, D.C. and D.J. Kimeldorf. Effects of age at irradiation on life-
span in the male rat. Radiat. Res. 22: 106-115 (1964).

Jones, D.C., G.K. Osborn and D.J. Kimeldorf. Influence of age at expo-
sure on some persistent and late effects of irradiation with fast neu-
trons. Radiat. Res. 34: 637-647 (1968).

Jablon, S., M. Ishida and G.W. Beebe. Studies of
survivors. II. Mortality in selections I and II,
21: 423-445 (1964).

the mortality of A-bomb
1950-1959. Radiat. Res.

Jablon, S., M. Ishida and M. Yamasaki. Studies of the mortality of A-bomb
survivors. B. Description of the sample and mortality, 1950-1960. Radiat.
Res. 25: 25-52 (1965).

Jablon, S. and H. Kate. Studies on the mortality of A-bomb survivors.
V. Radiation dose and mortality, 1950-1970. Radiat. Res. 50: 649-698
(1972).

Kohn, H.I., R.F. Kallman, C.C. Berdjis et al. Late effects of whole-body
x-irradiation in the mouse. Some gross and histologic aspects of the
development of morbidity prior to terminal state, with special reference
to gonad, uterus, heart, liver, kidney and submaxillary glands.
Radiat. Res. 7: 407-435 (1957).

Kaplan, E. and P. Meier. Nonparametric estimation from incomplete obser-
vations. J. Am. Stat. Assoc. 53: 457-481 (1958).

,.<,



K3

K4

K5

K6

m’

K8

K9

K1O

K11

KI2

KI3

K14

K15

K16

KI7

Krebs, J.S., R.W. Brauer and H. Kalbach. The estimation of the non-re-

cuperable injury caused by ionizing radiation. Radiat. Res. 10: 80-88 (1959).

Krebs, J.S. and R.W. Brauer. Comparative accumulation of injury from x–,
gma- and neutron-irradiation. The position of theory and experiment,

p. 347-364 in Biological Effects of Neutron and Proton Irradiation. IAEA
publication%TI/PUB/80. Vienna, 1963.

Krebs, J.S. and R.W. Brauer. Accumulation of lethal irradiation doses
by fractionated exposure to x-rays. Radiat. Res. 25: 480-488 (1965).

Kohn, H.I. and P.H. Guttman. Age at exposure and the late effects of
x-rays. Survival and tumour incidence in CAFI mice irradiated at 1 to
2 years of age. Radiat. Res. 18: 348-373 (1963).

Kallman, R.F. and H.I. Kohn. Life-shortening by whole– and partial–body
x-irradiation in mice. Science 128: 301-302 (1958).

Kimeldorf, D.J., R.D. Phillips and D.C. Jones. Longevity in neutron-
exposed guinea-pigs. Naval Radiological Defense Laboratory report
USNRDL-TR-941, AD-926997, 1965.

Kimeldorf, D.J., R.D. Phillips and D.C. Jones. Longevity in neutron-
exposed guinea-pigs. J. Gerontol. 21: 265-267 (1966).

Kellerer, A.M. and H.H. Rossi. The theory of dual radiation action.
Curr. Topics Radiat. Res. Quart. 8: 85-158 (1972).

Kohn, H.I. and P.H. Guttman. Life-span, tumour incidence and inter
glomerulosclerosis in the Chinese hamster (cricetulus griseus) after
whole-body and partial-body exposure to x-rays. Radiat. Res. 21:
622-643 (1964).

Kaplan, H.S. and M.B. Brown. A quantitative dose response study of
lymphoid-tumour development in irradiated C57 black mice. J. Natl.
Cancer Inst. 13: 185-208 (1952).

Kohn, H.I., A.N. Corbascio and P.H. Guttman. Estradiol treatment and
the x-ray-induced acceleration of the age-specific mortality rate.
J. Natl. Cancer Inst. 29: 853-862 (1962).

Kohn, H.I. and P.H. Guttman. Latent period of x-ray-induced aging:
a study based on mortality rate and tumour incidence. Nature 184:

735-736 (1959).

Kaplan, H.S. Influence of age on susceptibility of mice to the develop-
ment of lymphoid tumours after irradiation. J. Natl. Cancer Inst. 9:

55-56 (1948).

Kaplan, H.S., M.B. Brown and J. Paull. Influence of bone marrow injec-
tions on involution and neoplasia of mouse thymus after systemic irra-
diation. J. Natl. Cancer Inst. 14: 303-316 (1953).

Kitabatake, T. An estimation of radiation injury in x-ray technicians
in Japan. Nippon Acts Radiol. 24: 999-1oo6 (1964).

;:;:,.



1

K18 Kitabatake, T., K. Komiyama and K. Hosoe. Survey on death rate and causes

of death in x-ray technicians. Nippon Acts Radiol. 25: 213-223 (1965).

K19 Kitabatake, T. T. Watanabe and M. Namura. Mortality and cause of death in

Japanese radiological technicians 1966-1972. Nippon Acts. Radiol. 34:
440-443 (1974).

K20 Kohn, H.I., J.C. Bailar and C. Zippin. Radiation therapy for cancer of the

cervix: its late effects on the life-span as a function of regional dose.
J. Natl. Cancer Inst. 34: 3h5-361 (1965).

K21 Kate, H. Mortality of in utero children exposed to A-bomb and of offspring
of A-bomb survivors, in Late Biological Effects of Ionizing Radiation.
Proceedings of a Symp~ium, Vienna, March 19T8. IAEA publication STI/PUB/
489. Vienna, 1978.

K22 Kotzin, B.L. and S. Strober. Reversal of NZB/NZW disease with total lym-
phoid irradiation. J. Exptl. Med. 150: 371-378 (1979).

L1 Lindop, P.J. and J. Rotblat. Long-term effects of a single whole-body ex-
posure of mice to ionizing radiation. I. Life-shortening. Proc. Royal
Soc ., B. 154: 332-349 (1961).

L2 Lindop, P.J. and J. Rotblat. Long-term effects of a single whole-body
exposure of mice to ionizing radiations. II. Causes of death. Proc.Royal

Sot. , B. 154: 350-368 (1961).

L3 Lamson, B.G., M.S. Billings, R.A. Meek et al. Late effects of total-body
roentgen irradiation. III. Early appearance of neoplasms and life-shorte- :(

ning in female Wistar rats surviving 1000 R hypoxic total-body irradiation.
Arch, Pathol. 66: 311-321 (1958).

L4 Lamson, B.G., M.S. Billings, J.J. Gambino et al. Effect of single and
divided doses of x-irradiation on longevity in rats. Radiat. Res. 18:
255-264 (1963).

L5 Lamson, B.G., M.S. Billings, L.M. Ewell et al. Late effects of total-body
irradiation. IV. Hypertension and nephrosclerosis in female Wistar rats
surviving 1000 R hypoxic total-body irradiation. Arch. Pathol. 66:
322-329 (1958).

L6 Lorenz, E., L,O. Jacobson, W.E. Heston et al. Effects of long continued
total-body gamma-radiation on mice, guinea-pigs and rabbits. III. Effects
on life-span, weight, blood picture and carcinogenesis and the role of
the intensity of radiation, p. 24-I48 in Biological Effects of External
x- and gamma-radiation (R. Zirkle, ed.T McGraw-Hill, New York, 1954.

L7 Lorenz, E. Effects of long-continued total-body gamma-irradiation on mice,
guinea-pigs and rabbits. IV. Conclusions and applicability of results to
the problem of human protection, p. 226-242 in Biological Effects of Ex-
ternal x- and gma-radiation, Part I (R.E. firkle, cd.). McGraw-Hill, New
York, 1954.

L8 Lorenz. E. Some biologic effects of long-continued irradiation. A, J.
Roentenol. Radium Ther. Nucl. Med. 63: 176-185 (1950).



L9

L1O

LI1

L12

L13

Ll~

LI5

L16

LI7

L18

Ml

M2

M3

M4

M5

Lesher, S., G.A. Sacher, D. Grahn et al. Survival of mice under duration-

of-life exposure to gamma rays. II. Pathologic effects. Radiat. Res. 24:

239-277 (1965).

Lindop, P.J. and J. Rotblat. Dependence of radiation-induced life-shorte-

ning on dose-rate and anesthetic, p. 313-318 in Celldar Basis and Aetio-
logy of Late Somatic Effects of Ionizing Radi~ion (R.J.C. Harris, cd.).
Academic Press, London, 1963.

Lamson, B.G., M.S. Billings, J.J. Gambino et al. Effect of single and
divided doses of x-irradiation upon longevity in rats. U.S. Atomic Energy
Commission report TID-17451 (1962).

Lindop, P.J. and J. Rotblat. The age factor in the susceptibility of man
and animals to radiation. I. The age factor in radiation sensitivity in
mice. Brit. J. Radiol. 35: 23-31 (1962).

Lamerton, L.F., G.G. Steel and D.R. Wimber. Sensitivity of mamm~lian tis-
sues to continuous exposure, p. 158-11’5in Fundamental aspects of radio-
sensitivity. Brookhaven Symposia in Bio~gy 14 (1961).

Lamerton, L.F. Late effects of continuous irradiation. Laval Med. 34:
156-162 (1963).

Lesher, S. Chronic irradiation and aging in mice and rats, P. 183-208
in Radiation and Aging (P.J. Lindop and G.A. Sacher, eds.). Taylor and
=ancis, London, 1966.

Lindop, P.J. and J. Rotblat. Life-shortening in mice exposed to radiation:
effects of age and of hypoxic. Nature 208: Io7O-1072 (1965).

a
Lamson, B.G., M.S. Billings and L.R. Bennett. Late effects of total-body
roentgen irradiation. V. Longevity and incidence of nephrosclerosis as
influenced by partial-body shielding. J. Natl. Cancer Inst. 22: 1054-1075

(1959).

Lewis, E.B. Leukaemia and ionizing radiation. Science 125: 965-972 (1957).

Mole, R.M. Some aspects of mammalian radiobiolog. Radiat. Res. Suppl. 1:
124-148 (1959).

Mole, R.H. The evaluation of risks from late somatic effects. Atomkern-
energie 15: 64-67 (1970).

Mole, R.H. Late effects of exposure to ionizing radiation: animal experi-
mentation and human protection, p. 179-199 in First European Symposium on
Late Effects of Radiation (P. Metalli, ed.)~ Comitato Nazionale Energia
Nucleare, Roma, 1970.

Mole, R.H. Pathological findings in mice exposed to fission neutrons in
the reactor GLEEP, p. 117-128 in Biological Effects of Neutron and Proton
Irradiations. IAEA publicatio~S’rI/PUB/80, Vienna, 1963.

Mewissen, P.J., C.L. Comar, B.F. Trum et al. A formula for chronic irra-
diation dosage versus shortening of life-span: application to a large

mammal. Radiat. Res. 6: 450-459 (1957).



M6

M7

M8

M9

MIO

Ml 1

Ml2

Ml3

Ml4

Ml~

Ml6

Ml7

Ml8

Ml9

Mole, R.H. On wasted radiation and the interpretation of experiments
with chronic irradiation. J. Natl. Cancer Inst. 15: 907-914 (1955).

Mole, R.H. and A.M. Thomas. Life–shortening in female CBA mice exposed
daily irradiation for limited periods of time. Int. J. Radiat. Biol.
3: 493-508 (1961).

Maisin, J.R., G. Mattelin and M. Lambiet-Collier. Chemical protection
against the long-term effects of a single whole-body exposure of mice to
ionizing radiation. I. Life-shortening. Radiat. Res. 71: 119-131 (1977).

Metalli, P., V. Covelli and G. Silini. Unpublished observations (1978).

Maisin, J.R., A. Decl&e, G.B. Gerber et al. Chemical protection against
the long-term effects of a single whole-body exposure of mice to ionizing
radiation. II. Causes of death. Radiat. Res. 74: 415-435 (1978).

Mays, C.W. and R.D. Lloyd. Bone sarcoma risk from 90-Sr, p. 352-375 in
Biomedical Implications of Radiostrontium Exposure (M. Goldman and L.~
Bustad, eds.). U.S. Atomic Energy Commission, Office of Information Ser-
vices, report CONF-710201 (1972).

Mays, C.W. and R.D. Lloyd. Bone sarcoma incidence vs alpha particle dose
in The Radiobiology of Plutonium (B.J. Stover and W.S.S. Jee, eds.). ‘The
=W. Press, University of Utah, Salt Lake City, 1972.

Mole, R.H. Shortening of life by chronic irradiation: the experimental
facts. Nature 80: 456-46o (1957).

Moos, W.S., J.W. Yusken, R. Baratz et al. Irradiation of mice with frac-
tionation dosages of x-rays. Effects on longevity and total-body weight.
Atompraxis 8: 398-4o3 (1962).

Moos, W.S. The life-shortening effects of fractionated x-irradiation
on mice. Atompraxis 10: 41-43 (1964).

Moskalev, Yu.I., V.N. Streltsova and L.A. Buldakov. Late effects of ridio-
nuclide damage, p. 489-5o9 in Delayed Effects of Bone-Seeking Radionuclides.
University of Utah Press, Sat Lake City, 1969.

Momeni, M.H., J.R. Williams and L.S. Rosenblatt. Dose, dose-rate and
age parameters in analysis of risk from bone-seeking radionuclides:
an extrapolation to low levels, p. 197-209 in Biological and Environ-—
mental Effects of Low-Level Radiation. Vol. II. IAEA publication
STI/PUB/409. Vienna, 1976.

Mays, C.W. and T.F. Dougherty. Progress in the bf
University of Utah. Health Phys. 22: 793-8oI (197;

Morin, M,, J.C. Nenot. R. Mass& et al. Induction
apr~s inhalation de radio-616ments alpha, p. 109-1’
Environmental Effects of Low-Level Radiation, Vol.
STI/PUB/409. Vienna, 1976.

agles studies at the

).

de cancers chez le rat
9 in Biological and
II= IAEA publication



M20

M21

M22

M23

M24

M25

M26

M27

M28

M29

N1

N2

N3

Nl+

Mole, R.H. Patterns of response to whole-body irradiation: the effect
of dose intensity and exposure time on duration of life and tumour pro-
duction. Brit. J. Radiol. 32: 497-507 (1959).

Mole, R.H. Life-shortening by multiple doses of irradiation. Geronto-
logia 3: 159-I6o (1959).

Moskalev, Yu. I., I.K. Petrovich and V.N. Streltsova. The biological
effect of fast neutrons and high-energy protons, p. 197-221 &.Biological
Effects of Neutron and Proton Irradiations, Vol. I. IAEA publication
STI/PUB/80. Vienna, 1964 (in Russian).

Maisin, J., A. Dunjic, P. Maldague et al. Delayed effectsobserved in
rats subjected to single doses of x-rays, p. 57-64 in Proceedings of the
Second United Nations International Conference on t~ Peaceful Uses of
Atomic Energy, Vol. 22. United Nations, New York, 1958.

Maisin, J.R., G.B. Gerber, G. Mattelin et al. Chemical protection against
life-shortening and causes of death of a single fractionated whole-body
exposure of mice to ionizing radiation, in Late Biological Effects of
Ionizing Radiation. Proceedings of a Sy%~osium, Vienna, March 1978.
IAEA publication STI/PUB/489. Vienna, 1978.

March, H.C. Leukaemia in radiologists. Radiology 43: 275-278 (1944).

March, H.C. Leukaemia in radiologists in a 20 year period. Am. J. Med.
Sci. 220: 282-286 (1950).

Miller, R.W. and S. Jablon. A search for late radiation effects among
men who served as x-ray technologists in the United States Army during
World War II. Radiolo~ 96: 269-274 (1970).

Matanoski, G.M., R. Seltser, P.E. Sartwell et al, The current mortality
rates of radiologists and other physician specialists: death rate
from all causes and from cancer. Am. J. Epidemiol. 101: 188-198 (1975).

Matanoski, G.M., R. Seltser, P.E. Sartwell et al. The current mortality
rates of radiologists and other physician specialists: specific causes
of death. Am. J. Epidemiol. 101: 199-210 (1975).

Neary, G.J. Aging and radiation. Nature 187: 10-18 (1960).

Neary, G.J. Aging and radiation. M. Heart J. 62: 433-435 (1961).

Neary, G.J., R.J. Munson and R.H. Mole. Chronic radiation hazards: an ex-
perimental study with fast neutrons. Pergamon Press, New York, 1957.

Newell, P.C. and L.J. Cole. Late effects of fast neutrons versus x-rays
in mice: nephrosclerosis, tumours, longevity. Radiat. Res.
(1959).

11: 545-556

N5 Noonan, T.R., R.A. Reynolds and R. L. Murphee. Effects of gamma-radiation
on life-span and disease in cattle. Bureau of Radiological Health report
ORO-754 (1977).



N6 Norris, W.P. and T.E. Fritz. Interactions of total dose and dose rate
in determining tissue responses to ionizing radiations, p. 243-26o in
Radiobiolo~ of plutonium (B.J. Storer and W.S.S. Jee, eds.). J.W. ~ess,
Salt Lake City, 1972.

N7 Norris, W.P., S.A. Tyler and G.A. Sacher. An interspecies comparison of
responses of mice and dogs to continuous 60-co gamma-irradiation, p. 147-
156 in Biological and Environmental Effects of Low-Level Radiation, VO1.I.
IAEA~ublication STI/PUB/409. Vienna, 1976.

N8 Neary, G.J., E.V. Hulse and R.H. Mole. The relative biological efficiency
Of fast neutrons and gma-rays for life-shortening in chronically irra-
diated CBA mice. Int. J. Radiat. Biol. 4: 239-248 (1962).

N9 Nash, D.J. and J.W. Gowen. Effects of x-irradiation of mice exposed in
utero during different stages of embryological development on duratio~of
nature life. Biol. Bull. 128: 425-458 (1965).

N1O Nelson, A., O. Hertzberg and C. R?knback. Protective effects of cystea-
mine at fractionated irradiation. II. Shortening of life-span. Acts
Radiol. TPB. 6: 449-463 (1967).

Nll Newell, R.R. Correlation of integral radiation dose with longevity in
women cured of cervical carcinoma, p. 1238-1241 in Transactions of the
Ninth International Congress of Radiology. G. ~~eme-Verlag, Stuttgart,
1961.

01 Ordy, J.M., T. Samoraiski, W. Zeman et al. Interaction effects of environ-
mental stress and deuteron irradiation of the brain on mortality and long-
evity of C57BL/10 mice. Proc. Sot. Exptl. Biol. Med. 126: 184-190 (1967).

02 Okada, S., H.B. Hamilton, N. Egami et al. A review of thirty years study
of Hiroshima and Nagasaki atomic bomb survivors. J. Radiat. Res. Suppl.
16: I-164 (1975).

PI Park, J.F. Late effects of inhaled plutonium in dogs, p. 1233-1247 in
Radiation Research (0.F. Nygaard, H.I. Adler and W.K. Sinclair, eds.~
Academic Press, New York, 1975.

P2 Philip, J. A comparative study of the late somatic effects of whole-body
x-irradiation and radiation protection by MT and 5-HT in inbred female
Swiss mice, in Late Biological Effects of Ionizing Radiation. Proceedings—
of a Symposium, Vienna, March 1978. IAEA publication STI/PUB/489. Vienna,

J 1978.

P3 Pozzi, L.V., U. Andreozzi and G. Silini. Serial transplantation of bone-
? marrow cells in irradiated isogeneic mice. Curr. Top. Radiat. Res. Quart.

8: 259-302 (1973).

P4 Polednak, A.P., A.F. Stehney and R.E. Rowland. Mortality among women first
emplozed before 1930 in the United States radium dial-painting industry. A
group ascertained from employment lists. Am. J. Epidemiol. 107: 179-195 (1978).

Q1 Quastler, H. Studies on roentgen death in mice. II, Body weight and sensi-
tivity. Am J. Roentgenol. Radium ‘lher. 54: 457-46I (1945).



RI

R2

R3

R4

R5

R6

R7

R8

R9

RIO

RI1

SI

S2

S3

S4

BusS, S. and G.M. Scott. Biological effects of gamma-irradiation (Series
II). Brit. J. Radiol. 12: 440-441 (1939).

Rust, J.H., R.J. Robertson, E.F. Staffeldt et al. Effects of lifetime
periodic gamma-ray exposure on the survival and pathology of guinea-pigs,
p. 217-244 in Radiation and Aging (Patricia J. Lindop and G.A. Sacher,
eds.). Tay~r and Francis Ltd., London, 1966.

Reincke, U., E. Stutz and W. Hunstein. Tumour frequency and shortening
of survival time following fractionated whole–body irradiation of white
rats. Strahlentherapie 120: 425-44o (1965).

Report of the RBE Committee to the International Commission on Radiolo-
gical Protection and on Radiological Units and Measurements. Health
Phys. 9: 357-386 (1963).

Roderick, T.H. Selection for radiation resistance in mice. Genetics
L8: 205-216 (1963).

Rugh, R., L. Duhamel, C. Somogyi et al.
‘equelae ‘fthe ’50 :;:y;~-

sure of the pre-implantation mouse embryo: days 0.0 to 5.0.
131: 145-154 (1966).

. .

Reincke, U., E. Stutz and G. Wegner. Tumoren nach einmaliger Roentgen-
bestrahlung weiblicher Ratten in verschiedenem Lebensalter. Z. Krebs-
forsch. 66: 165-I86 (.1964).

Reincke, U., E. Stutz, M. Rother et al. Subacute and long-term survival
of rats irradiated with LD x-ray doses at various ages, p. 407-4T8
in Radiation Biology of th~”~~?al and Juvenile Mammal (M.R. Sikov and
ED. Mahlum, eds.). U.S. Atomic Energy Commission, Division of Technical
Information, Oak Ridge, 1969.

Reincke, U., E. Stutz and W. Hunstein. Life-span and tumour incidence
in rats subjected to severe stress before whole-body x-irradiation, p. 153-
172 in Proceedings of the First European Symposium on Late Effects of Ra-
diat~n (P. Metalli, cd.). Comitato Nazionale Energia Nucleare, Rome, 1970.

Rotblat, J. The puzzle of absent effects. New Sci. 75: 475-476 (1977).

Reinhold, H.S. Cell viability of the vessel wall. Curr. Topics Radiat.
Res. 10: 9-28 (1974).

Sacher, G.A. A comparative analysis of radiation lethality in mammals
exposed at constant average intensity for the duration of life. J. Natl.
Cancer Inst. 15: 1125-1144 (1955).

Sacher, G.A. On the statistical nature of mortality
to chronic radiation mortality.

, with special reference
Radiology 67: 250-257 (1956).

Storer, J.B. and D. Grahn. Vertebrate radiobiology: late effects. Ann.
Rev. Nucl. Sci. 10: 561-582 (1960).

Sacher, G.A. and D. Grahn. Survival of mice under duration-of-life expo-
sure to gma-rays. I. The dosage-survival relation and the lethality
function. J. Natl. Cancer Inst. 32: 277-321 (1964).

,.,



S5 Sacher, G.A., D. Grahn, R.J.M. Fry et al. Epidemiological and cellular

effects of chronic radiation exposure: a search for relationship, p. 13-38

in First European Symposium on Late Effects of Radiation (P. Metalli, cd.).
~mitato Nazionale Energia Nucleare, Rome, 1970.

S6 Storer, J.B. Radiation carcinogenesis, p. 453-483 ~ Cancer, VO1. 1
(F.F. Becker, cd.). Plenum Publ. Comp., New York, 1975.

ST Strehler, B.L. Time, cells and aging. Academic Press, NewYork, 1962.

S8 Storer, J.B. Rate of recovery from radiation damage and its possible rela-
tionship to life-shortening in mice. bs Alanos Scientific Laborato~
report LA-2224, 1958.

S9 Storer, J.B. Rate of recovery from radiation damage and its possible rela-
tionship to life-shortening in mice. Radiat. Res. 10: 180-196 (1959).

S10 Spalding, J.F., V.G. Strang and F.C.V. Worman. Effects of graded acute

exposures or gsmma-rays of fission neutrons on survival in subsequent pro-
tracted gamma-ray exposures. Radiat. Res. 13: 415-423 (1960).

S11 Spalding, J.F., D.S. Johnson and G.L. Tietjen. An investigation of the
two-component radiation injury concept using equivalent residual dose
factors. Los Alamos Scientific Laboratory report LA-5813-MS (1974).

S12 Sacher, G.A. and E. Trucco. The stochastic theory of mortality. Ann. N.Y.
Acad. Sci. 96: 985-1007 (1962).

S13 Sacher, G.A. amd E. Trucco. Theory of radiation injury and recovery
in self renewing cell populations. Radiat. Res. 29: 236-256 (1966).

S14 Sacher, G.A. Dose dependence for life-shortening by x-rays, gamma-rays
and fast neutrons, p. 1425-1432 in Advances in Radiation Research, Vol. 3

(J.F. Duplan and A. Chapiro, eds~. Gordon and Breach, New York, 1973.

S15 Stover, B.J. and H. Eyring. The dynamics of life. 11. The steady-state
theory of mutation rates. Proc. Natl. Acad. Sci. (USA) 66: 672-676 (1970).

s16 Sate, F., W. Nakamura and I. Eto. A simple mathematical model for life
shortenings by radiation. J. Radiat. Res. 11: 145-150 (1970).

S17 Storer, J.B. and P.C. Sanders. Relative effectiveness of neutrons for
production of delayed biological effects. I. Effect of single doses of

i thermal neutrons on life-span of mice. Radiat. Res. 8: 64-7o (1958).

s18 Storer, J.B., B.S. Rogers, I.U. Boone et al. Relative effectiveness of
1 neutrons for production of delayed biological effects. II. Effect of

single doses of neutrons from an atomic weapon on life-span of mice.
Radiat. Res. 8: 71-76 (1958).

S19 Storer, J.B. Evaluation of radiation response as an index of aging in
mice. Radiat. Res. 17: 878-902 (1962).

S20 Storer, J.B. Radiation resistance with age in formal and irradiated popu-
lations of mice. Radiat. Res. 25: 435-459 (1965).



S21

S22

S23

s24

S25

s26

s27

s28

s29

S30

S31

S32

S33

Spalding, J.F., 0.S. Johnson and P.C. McWilliams. Dose-rate-total dose

effect from single short-duration gma-ray exposures on survival time in
mice. Radiat. Res. 32: 21-26 (1967).

Spalding, J.F., J.R. Prine and G.L. Tietjen. Late biological effects of
ionizing radiation as influenced by dose, dose-rate, age at exposure and
genetic sensitivity to neoplastic transformation, in Late Biological Effects
of Ionizing Radiation. Proceedings of a Symposium~Vienna, March 1978.
IAEA publication STI/PUB/489. Vienna, 1978.

Sacher, G.A. Models from radiation toxicity data, p. 233-244 in Late
Effects of Radiation (R.J.M. Fry, D. Grahn, M.L. Griem et a.l.,~ds.).

Taylor and Francis, Lend, 1970.

Stover, B.J. Dose response relationships for beagles injected with Pu-239
(Iv) or Am-241 (III), p. 1266-1277 in Radiation Research (0.F. Nygaard,
H.I. Adler and W.K. Sinclair, eds. ).—Academic Press, New York, 1975.

Stover, B.J., H. Eyring and D.R. Atherton. Effects of plutonium-239 and
related radionuclides on.surviva.l of the adult beagles, p. 385-407 in
Radiobiology of plutoniu (B.J. Stover and W.S.S. Jee, eds.). J.W. =ess,
Salt Lake City, 1972.

Stover, B.J. Life-shortening consequent to internal irradiation from
plutonium-239. Health Phys. 22: 824-827 (1972).

Silini, G. and P. Metalli. Preliminary results from a split-dose experi-
ment on late effects of ionizing radiation in the mouse. Data on life-span
shortening, p. 207-215 in Radiation and Aging (P.J. Lindop and G.A. Sacher,
eds.). Taylor and Fran~s, London, 1966.

Spalding, J.F., 0.S. Johnson, R.F. Archuleta et al. Dose-rate effect on
life-shortening in mice. Los Alamos Scientific Laboratory report
LA-5722-MS (1974).

Sacher, G.A. The Gompertz transformation in the study of the injury-morta-
lity relationship: application to late radiation effects and aging, p. 411-
441 in Radiation and Aging (poJ. Lindop md G.A. Sacher, eds.). Taylor

and ~ancis, London, 1966.

Storer, J.B. Chemical protection of the mouse against radiation-induced
life-shortening. Radiat. Res. 47: 537-547 (1971).

Sikov, M.R., C.F. Resta and J.E. Lofstrom. The effects of prenatal x-irra-
diation of the rat on post-natal growth and mortality. Radiat. Res. 40:
133-148 (1969).

Sacher, G.A. and E. Trucco. A theory of the improved performance and
survival produced by small doses of radiation and other poisons,
p. 244-251 in Biologica Aspects of Aging (N.W. Shock, cd.). Columbia—
University Press, New York, 1962.

Shewell, J. and E.A. Wright. The
from 8-MeV electron irradiation by
hypoxia, szngeneic bone marrow and

92: 375-384 (1966).

long-term survival of mice protected
combined treatment with cysteamine,
antibiotics. J. Pathol. Bacteriol.

.,.



s3h

S35

s36

S37

s38

S39

S40

S41

s42

S43

S44

i S45

J

s46

S47

Sate, F., S. Tsuchihashi and N. Kawashima. Life-shortening of mice by

whole- or partial-body x-irradiation. J. Radiat. Res. 14: 115-119 (1973).

Silini, G. and U. Andreozzi. Hematological changes in the aging mouse.
Exp . Gerontol. 9: 99-108 (1974).

Silini, G., V. Andreozzi and G. Briganti. Erythroid differentiation of

hemopoietic progenitor cells in the course of aging. EXP . Gerontol.

9: 281-284 (1974).

Seltser, R. and P.E. Sartwell. Ionizing radiation and longevity of
physicians. J. Am. Med. Assoc. 166: 585-587 (1958).

Seltser, R. and P.E. Sartwell. The influence of occupational exposure to
radiation on the mortality of American radiologists and other medical spe-

cialists. &n. J. Epidemiol. 81: 2-22 (1965).

Stehney, A.F., H.F. Lucas and R.E. Rowland. Survival times of women radium
dial workers first exposed before 1930, p. 333-351 in Late Biological Ef-
fects of Ionizing Radiation. Proceedings of a Symp~ium, Vienna, March 1978.
IAEA publication STI./PUB/489. Vienna, 1978.

S4rensen, B. Late results of radium therapy in cervical carcinom. Acts
Radiol. Suppl. 169: 190 (1958).

Stewart, A. The carcinogenic effects of low-level radiation. A re-apprai-
sal of epidemiologists methods and observations. Health Phys. 24: 223-240
(1973).

Storer, J.B. and V.P. Bond. Evaluation of long-term effects of low-level
whole-body external radiation exposures, p. 3-12 in Peaceful Uses of Atomic
Energy, Vol. 11. Proceedings of the Fourth Inter~tional Conference,
Geneva, 1971. United Nations, Geneva, 1972.

Sate, F., S. Sasaki, N. Kawashima et al. Late effects of whole- or partial-
body x-irradiation on mice. Causes of death, in Late Biological Effects of
Ionizing Radiation. Proceedings of a Symposim~ Vienna, March 191’8. IAEA
publication STI/PUB/489. Vienna, 1978.

Storer, J.B., L.J. Serrano, E.B. Darden et al. Life-shortening in RFM
and BALB/c mice as a function of radiation quality, dose and dose rate.
Radiat. Res. 78: 122-161 (1979).

Sado, T., S. Kobazashi, H. Kamisaku et
aging mice exposed to x- or gamma-rays
Vol. II, in Late Biological Effects of
a Symposi~, Vienna, March 1978. IAEA

1078.

Sado, T. Late effects of radiation on

al. Immunological competence of
during young adulthood, p. 115-125,
Ionizing Radiation. Proceedings of

publication STI/PUB/489. Viema,

the immune system: a review. p. 688-
697 & Radiation Research (S. Okada, M. Imamura, T.-Terasima et al.,-eds.).
ToppZ Printing Co., Tokyo, 1979.

Scott, B.R. and E.J. Ainsworth. A model for life-shortening in “mice after
brief whole-body exposures to ionizing radiation. Radiat. Res. 70: 609
(1977).



s48

S49

S50

S51

T1

T2

UI

U2

U3

U4

U5

U6

w

U8

U9

Scott, B.R. Personal communication, 1979.

Sasaki S., T. Kasuga, F. Sato et al. Late effects on fetal mice x-irradia-

ted at middle or late intra-uterine stage. Gann. 69: 167-177 (1978).

Sacher, G.A., S.A. Tyler and E. Trucco. The quadratic I.ow-LET dose-effect

relation for life-shortening in mammals. Implications for the assessment
of the low-dose hazard to human populations, P. 359-378, Vol. II> ~ Late
Biological Effects of Ionizing Radiation. Proceedings of a Symposium,
Vienna, March 1978. IAEA publication STI/PUB/489. Vienna, 1978.

Stover, B.J. and H. Eyring. The dynamics of life. III. Mechanisms of

non-survival and the relation of dose size. Proc. Natl. Acad. Sci. (USA)
66: 672-676 (1970).

Trujillo, T.T., J.F. Spalding and W.H. Langham. A study of radiation-in-
duced aging: response of irradiated and non-irradiated mice to cold stress.
Radiat. Res. 16: 144-149 (1962).

Taketa, S.T. Delayed radiation effects in
N.Y. Acad. Sci. 114: 328-334 (1964).

abdomen-irradiated rats. Ann.

United Nations. Report of the United Nations Scientific Committee on the
Effects of Atomic Radiation. Official Records of the General Assembly,
Thirteenth Session, Supplement No. 17(A/3838). New York, 1958.

United Nations. Report of the United Nations Scientific Committee on the
Effects of Atomic Radiation. Official Records of the General Assembly,
Seventeenth Session, Supplement No. 16(A/5216). New York, 1962.

Upton, A.C. Ionizing radiation and the aging process: a review. J. Geron-
tol. 12: 306-313 (1957).

Upton, A.C. Ionizing radiations and aging. Gerontologia 4: 162–176 (1960).

Upton, A.C., A.W. Kimball, J. Furth et al. Some delayed effects of atom-
bomb radiations in mice. Cancer Res. 20: 1-62 (1960).

Upton, A.C., M.A. Kastenbaum and J.W. Conklin. Age-specific death rates
of mice exposed to ionizing radiation and radiomimetic agents, p. 285-297
in Cellular Basis and Etiology of Late Somatic Effects of Ionizing Radia-
~on (R.J.C. Harris, cd.). Academic Press, London, 1963.

Upton, A.C., M.L. Randolph and J.W. Conklin. Late effects of fast neutrons
and gamma rays in mice as influenced by the dose rate of irradiation: life-
shortening. Radiat. Res. 32: 493-509 (1967).

Ullrich, R.L. and J.B. Storer. The influence of dose, dose–rate and radia-
tion quality on radiation carcinogenesis and life-shortening in RFM and
BALB/c mice, in Late Biological Effects of Ionizing Radiation. Proceedings
of a Symposim~ Vienna, March 1978. IAEA publication STI/PUB/489. Vienna,
1978.

Upton, A.C!.,M.L. Randolph and J.W. Conklin. Late effects of fast neutrons
and gamma rays in mice as influenced by the dose rate of irradiation: in-
duction of neoplasia. Radiat. Res. 41: 467-491 (1970).



u1O Upton, A.C., M.L. Randolph, E.B. Darden, Jr., et al. Relative biological

effectiveness of fast neutrons for late somatic effects in mice, p. 337–345
in Biological Effects of Neutron and Proton Irradiation, VO1.11. IAEA pub-

~cation STI/PUB/80. Vienna, 1964.

Ull Upton, A.C., F.F. Wolff, J. Furth et al. A comparison of the induction
of myeloid and lymphoid leukemias in x-radiated RF mice. Cancer REs. 18:

842-848 (1958).

.’ U12 Upton, A.C., J.W. Conklin and R.A. Popp. Influence of age at irradiation
b on susceptibility to radiation-induced life-shortening in RF mice. p. 337-344

in Radiation and Aging (P.J. Lindop and G.A. Sacher, eds.). Taylor and
Y fiancis Ltd., London, 1966.

U13 Ulrich, H. Incidence of leukaemia in radiologists. New Engl. J. Med. 234:
45-46 (1946).

U14 United Nations. Sources and Effects of Ionizing Radiation. United Nations
Scientific Committee on the Effects of Atomic Radiation 1977 report to the
General Assembly, with annexes. United Nations sales publication no.
E.77.IX.I. New York, 1977.

U15 United Nations. Ionizing Radiation: Levels and Effects. A report of the
United Nations Scientific committee on the Effects of Atomic Radiation to

the General Assembly, with annexes. United Nations sales publication
No. E.72.IX.17 and 18. New York, 1972.

V1 Vogel, H.H., Jr., N.A. Frigerio and D.L. Jordan. Life-shortening in mice
irradiated with either fission neutrons or cobalt-60 gma rays. Radiology
77: 600-612 (1961).

V2 Van Putten, L.M. and M.J. De Vries. Strontium-90 toxicity in mice. J. Natl.
Cancer Inst. 28: 587-598 (1962).

V3 Vogel, H.H. and D.L. Jordan. Thymic lymphoma incidence and longevity of
female mice irradiated with either fission neutrons or cobalt-60 gma
rays at different dose rates. U.S. Atomic Energy Commission report
TID-15850 (1962).

V4 Vogel, H.H., Jr. and D.L. Jordan. Thymic tumour incidence and longevity
of female mice irradiated with either fission neutrons or cobalt-60 gamma
rays at different dose rates. Acts Un. Int. Cancer 20: 1159-1163 (1964).

V5 Vogel, H.H. Jr., and D.L. Jordan. Frac~&onated, low dose-rate irradia-
tion of mice with fission neutrons and CO gamma rays, p. 275-281 in
Biological Effects of Neutrons amd Proton Irradiations, Vol. II. I—m
publication STI/PUB/80. Vienna, 1964.

V6 Vogel, H.H. and D.L. Jordan. F ctionated, low-dose rate irradiation of
ill

mice with fission neutrons and Co gma rays. Ann. New York Acad. Sci.
114: 185-188 (1964).

V7 .Van Cleave, C.D. Late Somatic Effects of Ionizing Radiation. U.S. Atomic
Energy Commission, Division of Technical Information. Oak Ridge, 1968.

W1 Walburg, H.E. Radiation–induced life–shortening and premature aging.
Adv. Radiat. Biol. 7: 145-179 (1975).



W2

W3

W4

W!j

Y1

Y2

Y3

Z1

Warren, S. Longevity and causes of death from irradiation in physicians.
J. Am. Med. Assoc. 162: 464-468 (1956).

Warren, S. Die Wirkung von Strahlen auf die Lebensdauer. Klin. Wochen-

schr. 36: 597-599 (1958).

Warren, S. and O.M. Lombard. New data on the effects of ionizing radia–
tion on radiologists. Arch. Environ. Health 13: 415-421 (1966).

Willhoit, D.G. and S.M. Wiggins. Effect of instantaneous dose-rate on
survival time of mice, p. 93-102, Vol. I, in Biological and Environmental
Effects of Low-Level Radiation. IAEA publ~ation STI/PUB/409. Vienna,
1976.

Yuhas, J.M. The dose response curve for radiation-induced life-shortening
J. Gerontol. 24: 451-456 (1969).

Yusken, J.W., W.S. Moos, J. Fuller et ‘al. The influence of low, medium
and high dosages of fractionated radiation on the survival age and other
vital factors of mice, p. 236-243 in Biological Aspects of Aging (N.W.
Shock, cd.). Columbia University ~ess, New York, 1962.

Yuhas, J.M. Age and susceptibility to reduction of life expectancy:
an analysis of proposed mechanisms. Exp. Gerontol. 6: 335-343 (1971).

Zippin, C., J.C. Bailar, H.I. Kohn et sl. Radiation therapy for cervical
cancer: late effects on life-span and on leukaemia incidence. Cancer 28:

937-942 (1971).

.,,


